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ABSTRACT
Metabolic resistance was studied in the tobacco 
budworm, Heliothis virescens (F.) using pyrethroid analogs, 
insecticide synergists, and an in vitro assay with 14C-
cypermethrin. In initial studies, the phenoxybenzyl moiety 
of conventional pyrethroid, a major site of oxidative 
metabolism in resistant H. virescens, was replaced with
P450 monooxygenase-inhibiting or oxidatively blocked 
groups. Isomers {IR/IS, cis/trans) of the resulting 
chrysanthemates were separated and tested as insecticides 
against pyrethroid-susceptible (LSU) and -resistant H. 
virescens (Pyr-R). A number of compounds with
pentafluorophenyl (PFP), methylenedioxyphenyl (MDP), and 
propargyloxyphenyl (PP) groups were insecticidal and 
activity was dependent on both geometric and stereochemical 
configuration of the acid moiety. Both trans and cis 
isomers of lR-fenfluthrin, which contains a PFP group,
suppressed resistance to cypermethrin in Pyr-R insects, 
confirming that oxidative metabolism of the phenoxybenzyl 
moiety is a major mechanism of resistance in this strain. 
Of the MDP compounds, 1R, trans and cis isomers were toxic 
and partially suppressed resistance in Pyr-R larvae. 
Similarly, both trans and cis isomers of clS,1R PP-
containing compounds were insecticidal.
viii
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In a second approach, studies with pyrethroid 
synergists showed the importance of enhanced metabolism to 
pyrethroid resistance in Pyr-R larvae. Among four P4 50 
monooxygenase inhibitors tested, the propynyl ether, 1, 2, 
4-trichloro-3(2-propynyloxy)benzene, was the most effective 
synergist of cypermethrin toxicity, whereas synergism with 
piperonyl butoxide(PBO) was moderate. An esterase 
inhibitor, S,S,S-tributylphosphorotrithioate, also was 
active as a synergist of cypermethrin toxicity. Non-toxic 
isomers of pyrethroid analogs were tested as synergists, 
and only aR,1R,cis-MDP- and PP-containing compounds 
significantly enhanced cypermethrin toxicity.
Finally, the enzymes involved in cypermethrin 
metabolism and resistance in Pyr-R insects were 
investigated using an in vitro assay. Studies with 14C- 
cypermethrin revealed that both P450 monooxygenases and 
esterases were associated with pyrethroid resistance in 
Pyr-R larvae. HO-cypermethrin, a monooxygenase product, 
and phenoxybenzoic acid, a product of esterase-mediated 
hydrolysis, were identified as the two major metabolites. 
Compared with the LSU strain, field-collected MRS-June and 
-August H. virescens showed very high levels of the 
hydrolytic metabolite as well as moderate levels of the 
oxidative product. Inhibition studies indicated that the 
monooxygenase inhibitor, PBO, also inhibits esterases.
ix
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INTRODUCTION AND RESEARCH OBJECTIVES
The tobacco budworm, Heliothis virescens (F.), was 
first recognized as a pest of cotton in 1934 (Folsom, 
1936) , and has become one of the most important insects 
attacking cotton in the United States (Sparks 1981, 
Wolfenbarger et al. 1981). Larvae of the heliothine moths, 
H. virescens and the bollworm, Helicoverpa zea (Boddie), 
have been estimated to have caused about 30% of all insect 
damage to U. S. cotton since 1981(Suguiyama and Osteen 
1988; Head 1992, 1993; Williams 1994, 1995, 1996, 1997).
The mid-south (Arkansas, Louisiana, Mississippi) and Texas 
are the regions most affected by this pest in the U. S. 
Williams (1997) estimated that, in 1996, these two pests 
infested more than 85% of cotton in these regions and 
caused more than $100 million in total cotton losses and 
costs of control.
Insecticide resistance is a major factor responsible 
for our inability to manage populations of H. virescens on 
cotton (Sparks 1981, Sparks et al. 1993) . Failure to 
control field populations of heliothines was first reported 
with DDT by Graves et al. (1963), and since that time, 
development of resistance of these pests has been 
ceaseless. Inadequate control with organochlorine 
insecticides during the 1960's (Graves et al. 1964, 1967;
1
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2Lingren and Bryan 1965; Lowry 1966) led to a major shift to 
use of organophosphates (OPs) and carbamates. Loss of many 
OP insecticides to resistance during the 1970's (Graves and 
Clower 1971, Harris 1972, Wolfenbarger et al. 1981)
resulted in a further shift to the use of pyrethroids in 
the cotton agroecosystem. Since 1978, the highly cost 
effective and environmentally compatible pyrethroids have 
been the insecticides of choice for controlling heliothine 
pests in the U.S. However, due to pre-existing cross­
resistance from earlier use of DDT and heavy utilization of 
pyrethroids (Plapp and Hoyer 1968, Nicholson and Miller 
1985, Sparks et al. 1988), pyrethroid resistance in the 
tobacco budworm spread rapidly throughout the mid-south.
Pyrethroid resistance in H. virescens was first 
observed in 1979 in California and Arizona (Crowder et al. 
1979, Twine and Reynolds 1980, Martinez-Carrillo and 
Reynolds 1983). In 1985, failure to control H. virescens 
with in cotton fields of Texas were demonstrated as being 
due to resistance (Plapp and Campanhola 1986). The 
following year, resistance also was documented in the mid­
south states of Arkansas, Louisiana and Mississippi 
(Leonard et al. 1987, 1988; Luttrell et al. 1987; Plapp et 
al. 1987; Roush and Luttrell 1987). Eventually, pyrethroid 
resistance in populations of this pest spread to many 
cotton growing regions of the U. S., and threatened the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3economical production of cotton in the mid-south (Sparks et 
al. 1993, Graves et al. 1994, Wall 1994).
In an attempt to suppress increasing levels of 
insecticide resistance and preserve susceptible 
individuals, Insecticide Resistance Management (IRM) 
strategies have been developed, which are based on an 
understanding of the biochemical and physiological 
mechanisms underlying resistance (Anonymous 1986; Plapp et 
al. 1987, 1990; Graves et al. 1988; Leonard et al. 1993) .
Insecticide resistance is due to the expression of one or 
more of three major mechanisms: reduced cuticular
penetration, enhanced metabolic detoxication and reduced 
target site sensitivity (Bull 1981, Oppenoorth 1985). 
Increased metabolic detoxication and target site 
insensitivity are the major mechanisms of resistance in 
U.S. populations of H. virescens (Nicholson and Miller 
1985; McCaffery et al. 1989, 1991; Gladwell et al. 1990;
Abd-Elghafar et al. 1994; Ottea et al. 1995). Studies by
Little et al. (1989) and more recently by Ottea et al.
(1995) have shown the importance of P450 monooxygenases, 
which are associated with metabolic resistance to 
pyrethroids in laboratory and field-collected strains of H. 
virescens. These results are supported by those of Graves 
et al. (1991) and Elzen et al. (1993), who observed that
pyrethroid toxicity is synergized by oxidase inhibitors
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4such as piperonyl butoxide (PBO) in field-collected H. 
virescens. In addition, reduced penetration of pyrethroids 
is believed to supplement metabolic resistance and further 
increase resistance levels.
Knowledge of underlying mechanisms is essential for 
management of pyrethroid resistance in pest populations. 
In theory, if the underlying mechanisms present are 
detected, it may be possible to manage metabolic resistance 
or reduced target site sensitivity by using synergists or 
alternative insecticides, respectively. The frequency and 
distribution of resistance mechanisms expressed in field 
populations of pest insects are influenced by ecological, 
toxicological and genetic factors that may vary in time and 
space (Brattsten 1990, Roush and Daly 1990). Therefore, 
IRM strategies should be constantly reappraised and 
refined. Hence, monitoring tobacco budworm susceptibility 
to insecticides and identifying actual or potential 
resistance mechanisms expressed during the cotton growing 
season are essential to maximize the likelihood of success 
of IRM strategies (ffrench-Constant and Roush 1990).
Pyrethroid resistance in U.S. populations of H. 
virescens appears to be similar to that expressed in 
Helicoverpa armigera in Australia. Based on the absence of 
synergism by PBO, pyrethroid resistance in H. armigera 
during the early 1980's was believed to have been
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5associated primarily with reduced target site sensitivity 
(Gunning et al. 1991) . Since 1984, the adoption of a 
pyrethroid resistance management plan advocating limited 
use of pyrethroids in the cotton growing season (Forrester 
and Cahill 1987) slowed the development of pyrethroid 
resistance (Cox and Forrester 1992), and target site 
insensitivity was replaced with enhanced metabolism by P450 
monooxygenases as the predominant resistance mechanism 
(Forrester et al. 1993). With a similar IRM strategy widely 
adopted in U.S. cotton, there may be a tendency for 
resistance mechanisms of tobacco budworm to evolve towards 
enhanced metabolism by P450 monooxygenases (McCaffery 
1994) .
Several methods for monitoring insecticide are 
currently available. These methods include the adult vial 
test (AVT; Plapp et al. 1987), bioassays with synergists as 
an indicator of metabolic resistance (Raffa and Priester 
1985) , and biochemical assays that measure activity of 
enzymes associated with metabolic resistance. Although the 
widely used AVT provides valuable information regarding the 
occurrence and distribution of resistance in the field, it 
does not indicate the mechanism(s) of resistance involved. 
In addition, because expression of resistance mechanisms 
may differ between life stages (Kirby et al. 1994, Ibrahim 
and Ottea 1995) , use of adults in this assay may not
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6provide an accurate profile of resistance in larvae, the 
insecticide-targeted life stage. The overall goal of my 
research was to develop diagnostic technology to detect 
mechanisms of pyrethroid resistance in the tobacco budworm.
Resistance is highest to pyrethroids containing 
phenoxybenzyl alcohols in H. armigera in Australia
(Forrester et al. 1993), and changing the alcohol moiety of 
these compounds may overcome resistance. Forrester et al. 
(1993) found that introduction of functional groups that 
inhibit P450 monooxygenases, such as methylenedioxyphenyl 
and propynyl side chains, into the alcohol moiety 
effectively broke pyrethroid resistance. Such self- 
synergistic chemicals have been recommended as insecticides 
(Casida 1970; Wilkinson 1971; Wallace and Zerba 1989a, 
1989b) but, due to limited commercial acceptance,
development of such compounds has not been actively 
pursued. However, self-synergistic compounds that have 
specific enzyme inhibiting groups (synergophores) may 
provide a rapid and reliable method for monitoring
metabolic resistance mechanisms. A specific objective of 
my research was to synthesize and test certain self- 
synergistic compounds.
Insecticide synergists have been widely used to detect 
expression of metabolic resistance to insecticides (Casida 
1970). Whereas synergists may be useful tools for
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7identifying resistance mechanisms in H. virescens and other 
insects (Raffa and Priester 1985, McCaffery et al. 1989, 
Graves et al. 1991, Elzen et al. 1993), it is not clear 
whether use of a single synergist (such as PBO) is an 
appropriate indicator of insecticide metabolism (or 
resistance) involving monooxygenases. Monooxygenases occur 
in a number of related forms that frequently co-exist in 
the same cell type (reviewed in Hodgson 198 3) . Payne 
(1987) found that propynyl ethers had the greatest activity 
in overcoming pyrethroid resistance in laboratory-selected
H. virescens, which suggests that P450 monooxygenase- 
mediated metabolism is a major resistance mechanism. 
However, in this same study, PBO did not synergize the 
enzymatic detoxication of permethrin. Therefore, the 
efficacy of P450 monooxygenase inhibitors as synergists 
against pyrethroid-resistant H. virescens and the utility 
of these compounds as diagnostic tools warrants 
reevaluation.
Biochemical assays using model substrates also are 
utilized to detect activities of resistance-associated 
enzymes in insects. For example, detection of elevated 
esterase activities, which is based on assays using 
naphtholic esters, has been used successfully to detect 
metabolic resistance in certain species of aphids (Sawicki 
et al. 1980) and mosquitoes (Pasteur and Georghiou 1989).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8In contrast, assays for detecting resistance-associated 
P450 monooxygenase activities with model substrates are far 
from perfect. The method developed by Kinoshita et al. 
(1966) and modified by Hansen and Hodgson (1971) have been 
used widely in assays to measure oxidase activities of 
resistant tobacco budworms (Reed 197 4, Gould and Hodgson
1980, Shang and Soderlund 1984, Kirby et al. 1994).
However, oxidase activities of H. virescens toward the
model substrate, p-nitroanisole (PNA), were not correlated 
with pyrethroid resistance to cypermethrin (Kirby et al. 
1994) or cypermethrin metabolism (Ottea et al. 1995), which 
reflects the limitation of PNA (and other model substrates) 
as indicators of insecticide metabolism. In order to more 
clearly establish and define the role of metabolic enzymes 
(especially the P450 monooxygenases) in resistant H. 
virescens, an in vitro assay was developed to measure
pyrethroid metabolism as the final objective of my 
research.
The specific objectives of my research were:
I. To develop diagnostic compounds to detect insecticide 
resistance mechanisms in H. virescens.
• To design and synthesize a series of structurally 
modified pyrethroids.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9• To evaluate the efficacy of these compounds for 
suppressing metabolic mechanisms of pyrethroid-resistant 
H. virescens.
II. To study P450 monooxygenase synergists as tools for 
detecting metabolic resistance to pyrethroids in H. 
virescens.
• To synthesize propynyl ether containing synergists.
• To investigate the efficacy of methylenedioxyphenyl, 
propynyl ether and N-alkyl compounds as synergists of 
cypermethrin toxicity in tests with laboratory-selected 
and field-collected tobacco budworms.
III. To develop an in vitro assay for monitoring metabolism 
of pyrethroids in resistant H. virescens using radio- 
labeled cypermethrin.
• To synthesize 4'-HO-cypermethrin, a hypothesized major 
product of oxidation of cypermethrin in resistant H. 
virescens.
• To optimize an in vitro metabolism assay of cypermethrin 
in H. virescens larvae.
• To investigate the potency of enzyme inhibitors in an in 
vitro system.
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CHAPTER 1 
LITERATURE REVIEW
The pyrethroids were developed by modifying the 
structure of pyrethrum, a mixture of insecticidal esters 
that was extracted and isolated from Chrysanthemum 
cinerariaefolium flowers. Since the 1940's, chemists have 
developed pyrethrum analogs with enhanced photostability
and insecticidal activity (Elliott 1989). At present, 
pyrethroids are one of the most widely used classes of
insecticides and are useful as control agents for pests of 
agricultural crops, domesticated animals and vectors of
human diseases (Zerba 1988). In addition to their 
excellent insecticidal activity, pyrethroids are highly 
selective insect toxins relative to other classes of 
insecticides. Other desirable characteristics of the 
pyrethroids include rapid action, short environmental 
persistence, non-carcinogenicity and -mutagenicity, and low 
phytotoxicity.
Pyrethroid Mode of Action
Pyrethroid insecticides induce rapid symptoms of 
poisoning by affecting both the central and peripheral
nervous systems (Clements and May 1977, Adams and Miller 
1979, Ruight 1985). In mammals, two distinct intoxication 
syndromes have been described (Gray and Richard 1982, Gray 
and Soderlund 1985). The "T-syndrome", caused by
17
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pyrethrins and several early pyrethroids, is characterized 
by whole body tremors similar to those produced by DDT. In 
contrast, pyrethroids that contain an a-cyano-3- 
phenoxybenzyl alcohol moiety (e.g., cypermethrin and 
deltamethrin), produce a distinctly different syndrome 
characterized by choreoathetosis/salivation (CS) and 
sinuous writhing. Two similar, but less-distinct syndromes 
of intoxication are observed in pyrethroid-poisoned insects 
(Gammon et al. 1981, Scott and Matsumura 1983, Bloomquist 
and Miller 1985).
Based on symptomological and neurophysiological data 
from both insects and mammals, pyrethroids have been 
divided into two types (Narahashi et al. 1977, Gammon et 
al. 1981, Staatz et al. 1982, Scott and Matsumura 1983,
Cole and Casida 1983). Generally, Type I pyrethroids do 
not possess an a-cyano group (Figure 1.1) and include 
compounds, such as pyrethrins, allethrin, resmethrin, 
kadethrin, tetramethrin, phenothrin and permethrin that 
produce the T syndrome. Type II pyrethroids, which produce 
the CS syndrome, contain a cyano group at alpha position 
(Figure 1.1) and include cyphenothrin, cypermethrin, 
deltamethrin and fenvalerate. However, these classes are 
not absolute as some pyrethroids exhibit intermediate 
symptomology (Verschoyle and Aldridge 1980, Gammon et al. 
1981) .
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X
X
3 R/St
1R/S
X
trans X
Rl= H for Type I or 
CN for Type II 
R2= aromatic group
VUS
cis
Figure 1.1. Generalized structures of trans or cis isomers 
of pyrethroids. Chiral carbons (Cl, C3, Ca) may exist in 
either R or S configuration.
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The nervous system is the primary site of pyrethroid 
action. At the whole insect level, repetitive firing in 
the nervous systems is manifest as hyperactivity, loss of 
coordinated movement, enhanced excretion, ataxia and death 
(Bloomquist 1988). The rate at which insects develop these 
symptoms depends on a variety of factors including the type 
of compound, application method and temperature (Scott and 
Matsumura 1983) . Like DDT, most pyrethroids exhibit a 
negative temperature-activity relationship (Guthrie 1950, 
Metcalf 1955) and by manipulating the ambient temperature, 
the symptoms of poisoning can be reversed or induced. 
Scott and Matsumura (1983) suggested two main reasons for 
the observed negative temperature coefficient: (1 )
temperature effects the rate of metabolism, excretion and 
redistribution of pyrethroids; and (2 ) temperature effects 
on toxicodynamic interactions with the target site.
Differences between Type I and II pyrethroids also are
evident from electrophysiological experiments using
isolated non-sensory nerve preparations. Type 1
pyrethroids elicit DDT-like repetitive discharges whereas 
type II pyrethroids suppress the spontaneous or evoked 
generation of action potentials (Lund and Narahashi 1983, 
Scott and Matsumura 1983). Differences in neurotoxic 
actions of pyrethroids appear to reflect different degrees 
of alteration of the properties of the voltage-gated sodium
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channels by Type I and II pyrethroids (Soderlund and 
Bloomquist 1989, Narahashi 1992). Modification of sodium 
channels by Type I pyrethroids is transient such that
repolarization following an action potential is incomplete 
and may elicit repetitive nerve firing, whereas type II 
pyrethroids modify sodium channels in an open state more
persistently, prolong tail currents and eventually block 
conduction of action potentials (Gammon et al. 1981, Lund 
1985).
The voltage-sensitive sodium channel is believed to be 
the primary site of action for pyrethroids (Sattelle and 
Yamamoto 1988, Soderlund and Bloomquist 1989). Biophysical 
studies using the voltage-clamp technique have indicated
that effects of pyrethroids on sodium channels are highly 
stereospecific in both mammals and insects (Lund and
Narahashi 1982, 1983; Vijverberg et al. 1982, 1986). Most
pyrethroids contain two or three chiral carbon atoms and 
therefore, exist as mixtures of four or eight optical and 
geometrical isomers (Figure 1.1). For example, 1R,cis- 
isomers of cyclopropane carboxylates prolong tail currents 
to a greater extent than 1R, trans-isomers. Similarly, 
aS-cyano substituents in the phenoxybenzyl-containing 
pyrethroids dramatically decrease the rate of closing of 
sodium channels. In contrast, lS-isomers of 
cyclopropanecarb-oxylates and oc..R-cyano-3-phenoxybenzyl
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compounds are inactive. Similar structure-activity 
relationships are observed in biological assays and suggest 
that the voltage-gated sodium channel is the primary site 
of action for pyrethroids (Soderlund and Bloomquist 1989).
Sensory structures of both vertebrates and 
invertebrates are very sensitive to pyrethroids, which 
cause very long spontaneous or elicited high frequency 
impulses (Clements and May 1977, Osborne and Hart 1979, 
Gammon et al. 1981, Vijverberg et al. 1982, Chalmers and 
Osborne 1986). Pyrethroids also alter the electrical 
properties of insect neurosecretory neurons at very low 
concentrations. This disruption of the neuroendocrine 
system has been suggested to contribute to the irreversible 
effects of pyrethroid intoxication in insects (Casida and 
Maddrell 1971, Soderlund 1979, Singh et al. 1982, Singh and 
Orchard 1983).
Although the voltage-sensitive sodium channel is 
thought to be the principal molecular target site for all 
pyrethroids in both insects and mammals, it is not the only 
site attacked by these compounds. Pyrethroids also 
directly affect y-aminobutyric acid (GABA)-gated chloride 
channels (Soderlund and Bloomquist 1989, Bloomquist 1996). 
GABA is the major inhibitory neurotransmitter in the 
central nervous system of insects and mammals, and at the 
neuromuscular junction of insects (Bloomquist 1993, Casida
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1993). Binding of GABA to receptors associated with opening 
of postsynaptic chloride channels causes hyperpolarization 
of the postsynaptic neurons, and represses the formation of 
action potentials (Sattelle 1990) . Results from
radioligand binding studies (Leeb-Lundberg and Olsen 1980, 
Squires et al. 1983, Lawrence and Casida 1983) have
implicated GABA receptors as a target for type II
pyrethroids. However, studies using functional assays 
(e.g., chloride influx) with mammalian and invertebrate 
GABA receptor preparations have shown that pyrethroids are 
much less potent as inhibitors of GABA-dependent chloride 
uptake than as enhancers of sodium channel activation 
(Ghiasuddin and Soderlund 1985, Chalmers et al. 1987,
Bloomquist 1996). These results suggest that the 
interaction between pyrethroids and GABA-gated chlorine 
channels is of secondary importance to pyrethroid 
poisoning.
Pyrethroid Metabolism
Pyrethrins and pyrethroids are metabolized in both 
mammals and insects by oxidative and hydrolytic enzyme 
systems (Soderlund et al. 1983a). Early studies with the 
P450 monooxygenase inhibitors, piperonyl cyclonene 
(Winteringham et al. 1955) and sesamex (Chang and Kearns
1964) indicated that the metabolism of pyrethrins and 
allethrin was mediated primarily by an oxidative mechanism.
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In a study with radiolabeled allethrin in houseflies, 
Yamamoto et al. (1969) suggested that the major metabolic 
pathway involved hydroxylation of the trans methyl group 
followed by either conjugation or further oxidation to 
aldehyde and carboxylic acid derivatives. In rats,
metabolism of pyrethrins and allethrin involved 
hydroxylation of the pentadienyl side chain and hydrolysis 
of the ester linkage (Elliott et al. 1972). Data from in 
vivo (Yamamoto and Casida 1968, Miyamoto and Suzuki 1973) 
and in vitro (Suzuki and Miyamoto 1974) studies using 
tetramethrin suggested that, in addition to oxidation, 
ester cleavage also was an important pathway for pyrethroid 
metabolism in insects.
Initial metabolic routes for contemporary pyrethroids 
(i.e., those containing phenoxyphenyl group) involve 
oxidative hydroxylation of geminal dimethyl and 
phenoxyphenyl groups, and hydrolysis of the ester linkage 
(Figure 1.2) . Shono et al. (1978) identified five 
principal sites of attack in the metabolism of permethrin 
by the American cockroach (Periplaneta americana) , the 
house fly {Musca domestica) and the cabbage looper 
(Trichoplusia ni) : ester cleavage, oxidation of the trans- 
or cis-methyl group of the geminal dimethyl group, and 
oxidation of the 3-phenoxybenzyl moiety at 4' or 6 
position. In addition, hydroxylation at 2' position of the
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1. X= Cl, R= H: permethrin
2. X= Cl, R= CN: cypermethrin
3. X= Br, R= CN: deltamethrin
Figuze 1.2. 
pyrethroids.
Metabolism of phenoxybenzyl-containing
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alcohol moiety was demonstrated to occur in metabolism of 
permethrin by the cotton bollworm (Helicoverpa zea) and the 
tobacco budworm (Heliothis virescens) (Bigley and Plapp 
1978), as well as rats (Gaughan et al. 1977) .
As with their biological activity, the metabolism of 
pyrethroids is stereospecific. Generally, the ester bond 
of trans-permethrin is cleaved more readily than the cis- 
isomer (Shono and Casida 1978; Shono et al. 1978, 1979).
Similarly, a stereospecific pattern of hydrolytic 
metabolism was observed in mice for the a-cyano containing 
pyrethroid, cypermethrin (Holden 197 9, Ishaaya and Casida
1980), although total metabolism of cypermethrin was much 
slower than permethrin. After examining the hydrolytic and 
oxidative metabolism of 44 pyrethroids in a mouse liver 
microsomal system, Soderlund and Casida (1977) concluded 
that the primary esters of trans pyrethroid isomers are 
hydrolyzed more rapidly than the corresponding cis-isomers, 
but rates of oxidative metabolism are similar for trans- 
and cis-pyrethroids.
Pyrethroid Resistance in H. virescens 
Since the commercial release of pyrethroids in 1978, 
resistance has developed rapidly in populations of many 
cotton pests (Sparks et al. 1993). Prior to their 
introduction, several studies had shown varying levels of 
cross-resistance between pyrethroids and methyl parathion
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2 7
in organophosphate-resistant strains of H. virescens
(Crowder et al. 1979, Twine and Reynolds 1980, Sparks
1981). In contrast, no significant trends were detected 
between resistance to methyl parathion and susceptibility 
to the pyrethroids in H. virescens from field sites in 
Louisiana when tested for susceptibilities to permethrin, 
fenvalerate, deltamethrin and methyl parathion (Leonard et 
al. 1988a). However, susceptibilities to permethrin,
fenvalerate and deltamethrin were variable in these
strains. Thus, prior to the widespread use of pyrethroids, 
significant differences in susceptibility could be found in 
populations of H. virescens from cotton, suggesting a 
predisposition toward pyrethroid resistance in this pest. 
As observed for M. domestica (DeVries and Georghiou 1980), 
Culex quinquefasciatus (Priester and Georghiou 1980) and
Haematobia irritans (Byford and Sparks 1987), early 
pyrethroid resistance may have been due to the similarity 
between modes of action of pyrethroids and DDT, which had 
suffered widespread resistance problems 20 years earlier. 
Plapp et al. (1990) suggested that mechanisms associated
with DDT resistance pre-adapted H. virescens for cross­
resistance to pyrethroids and contributed to the rapid
development of resistance after the introduction of 
pyrethroids.
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Since 1987, resistance to pyrethroids in H. virescens 
has risen both in terms of resistance levels and 
frequencies of resistant phenotypes in field-collected 
insects (Martin et al. 1992, Sparks et al. 1993). This
process also has been characterized by resistance across 
the pyrethroid class (Leonard et al. 1988b, Campanhola and 
Plapp 1987, Roush and Luttrell 1987, Elzen et al. 1994).
Mechanisms of Pyrethroid Resistance 
Biochemical and physiological mechanisms are 
associated with resistance to pyrethroids. These mechanisms 
include reduced penetration, enhanced metabolism, and 
altered target site sensitivity (Oppenoorth 1985, Brown
1990).
1. Reduced penetration: Reduced rates of penetration have 
been found in a number of resistant strains of insects 
(reviewed by Plapp and Hoyer 1968, Oppenoorth 1985). 
Although the factors underlying expression of reduced 
penetration remain unclear, the effect of reduced 
penetration is of secondary importance relative to the 
other major resistance mechanisms (Oppenoorth 1985). In 
the housefly, a gene conferring reduced penetration of many 
insecticides was found on chromosome III and subsequently 
named pen (Hoyer and Plapp 1968). On its own, the product 
of this gene confers a non-specific, low level (<3 fold) of 
resistance to insecticides. However, by interacting with
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other resistance mechanisms, reduced penetration may 
increase overall resistance in a more than additive manner 
(Sawicki and Lord 1970, Oppenoorth 1985, Scott 1990). 
Evidence for reduced penetration of pyrethroids has been 
reported in a variety of insects, including M. domestica 
(Scott and Georghiou 1986), P. americana (Soderlund et al. 
1983b), Plutella xylostella (Noppum et al. 1987), H. 
armigera (Ahmad and McCaffery 1988, Lee et al. 1989, 
Gunning et al. 1995) and H. virescens (Vinson and Law 1971, 
Szeicz et al. 1973, Nicholson and Miller 1985, Little et 
al. 1989, Ottea et al. 1995).
2. Reduced neuronal sensitivity: A non-metabolic factor
conferring resistance to both knockdown (rapid paralytic) 
and lethal actions of DDT and pyrethrins was first 
identified in house flies in 1951 (Busvine 1951) and 
described as knockdown resistance or kdr. Successive 
studies on the house fly found specific alleles (called 
super kdr) could confer much greater resistance than the 
kdr phenotype, which was mapped to autosome 3, a locus not 
known to be involved in metabolic resistance (Farnham 1971, 
1973, 1977; Sawicki 1978; Plapp 1976, 1984; Farnham et al. 
1987). In adult houseflies, the kdr and super kdr 
mechanisms extend cross-resistance to DDT and the whole 
spectrum of pyrethroids (Farnham 1977, Pederson 1986, 
Farnham et al. 1987, Bloomquist 1988). In strictest terms,
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kdr refers only to a gene conferring resistance in the 
house fly, but "kdr-like" nerve insensitivity has been 
reported to DDT and pyrethroids in many insect pests 
including the cockroach, Blattella germanica (Gammon and 
Casida 1981; Scott and Matsumura 1981, 1983), Drosophila
melanogaster (Hall and Kasbekar 1989), Culex tarsalis 
(Salgado et al. 1983) and several lepidopteran species, 
which include Spodoptera littoralis (Gammon 1980, Broderick 
et al. 1991), H. armigera (Ahmad and McCaffery 1988, 
Gunning et al. 1991) and H. virescens (Nicholson and Miller 
1985, Payne 1987, Gladwell et al. 1990, Holloway and 
McCaffery 1995, Ottea et al. 1995).
Biochemical studies have shown that knockdown 
resistance to pyrethroids is associated with modification 
of sodium channel pharmacology. There is solid evidence 
for reduced sodium channel density and altered sodium 
channel structure as mechanisms of kdr resistance in 
particular strains and species of insects (Bloomquist 
1996) . In initial studies, house fly head membranes and 
radiolabeled DDT were used by Chang and Plapp (1983a, b) , 
who suggested that reduced neuronal sensitivity results 
from a reduction in sodium channel density in resistant 
insects. Subsequent studies attempted to estimate sodium 
channel density in binding studies with radiolabeled [H3] 
saxitoxin and tetrodotoxin, two potent and selective
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blockers of sodium channels. Similar results were obtained 
by Rossignol (1988) when testing kdr M. domestics using 
[3H] saxitoxin binding. In such studies with D. 
melanogaster, reductions in sodium channel density were 
measured but only low levels of pyrethroid resistance were 
conferred (Bloomquist et al. 1989).
Several studies showed that reduced sodium channel 
density is not associated with pyrethroid resistance in M. 
domestics (Soderlund and Bloomquist 1990) or H. virescens 
(Church and Knowles 1992a, b). The interaction between DDT 
or pyrethroids and their binding domain on the sodium 
channel also has been studied by using [H3] batrachotoxinin 
A 20-oc-benzoate (BTX-B) , an analog of batrachotoxin that 
labels a binding domain of the sodium channel. DDT and 
pyrethroids enhanced the binding of [H3] BTX-B to rat and 
mouse brain sodium channels (Brown et al. 1988, Payne and 
Soderlund 1989) . In studies with house fly head membrane 
preparations, Pauron et al. (1989) observed a similar 
effect of deltamethrin on the binding of [H3] BTX-B to 
membranes prepared from two susceptible house fly strains 
but binding was reduced in preparations from super kdr 
strains. These results suggest that an alteration in the 
binding site for DDT and pyrethroids on the voltage- 
sensitive sodium channel is the molecular basis of the kdr 
mechanism. Support for this conclusion has come from
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3 2
recent molecular genetic studies showing that point 
mutations in the sodium channel gene are associated with 
target site resistance to pyrethroids in M. domestics 
(Williamson et al. 1993, 1996; Knipple et al. 1994), D.
melanogaster (Amichot et al. 1992), H. virescens (Taylor et 
al. 1993, Park and Taylor 1997)and B. germanica (Dong and 
Scott 1994).
3. Metabolic resistance: There are many cases of
resistance due to an increased capacity to detoxify 
insecticides. Metabolic resistance to pyrethroids in H. 
virescens has been documented to occur primarily by 
increases in the activity of P450 monooxygenase and 
esterase enzymes (reviewed in Walker et al. 1990, Rose et 
al. 1992).
3.1. P450 monooxygenases: The microsomal cytochrome
P450 dependent monooxygenases are an extremely important 
metabolic system and are often implicated in metabolic 
resistance to insecticides. These enzymes detoxify a wide 
range of xenobiotics and are found in almost all aerobic 
organisms, including plants, insects, mammals, birds and 
fungi. In eukaryotes, P450 monooxygenases are typically 
found in the mitochondria and endoplasmic reticulum of 
vertebrate and invertebrate cells.
P450 monooxygenases are a complex system of enzymes. 
Each is comprised of several major components: cytochrome
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P450, which acts as the substrate binding protein; NADPH- 
cytochrome c reductase, a flavoprotein which transfers 
electrons from NADPH to cytochrome P450; and cytochrome b5, 
which either donates a second electron or modulates P450 
monooxygenase activity through inhibitory or stimulatory 
interactions with cytochrome P450.
Multiple forms of cytochrome P450 with partially 
overlapping substrate specificity have been described and 
are believed responsible for the broad substrate 
specificity that characterizes these enzymes (Feyereisen et 
al. 1989, Scott and Wheelock 1992) . In addition to their
involvement in resistance, the P450 monooxygenases of 
insects have several functional roles in growth, 
development, feeding and tolerance to plant toxins, and are 
intimately involved in the synthesis and degradation of 
insect hormones and pheromones (Agosin 1985) . The role of 
monooxygenases in insecticide resistance was first reported 
in the early 60's by Eldefrawi et al. (1960). Since that 
time, P450 monooxygenases have been shown to be involved in 
the metabolism of all classes of insecticides in a large 
number of insect pests (Wilkinson 1983, Agosin 1985, 
Soderlund and Bloomquist 1990) .
The molecular basis of monooxygenase-mediated 
resistance is proposed to involve qualitative (structural 
gene) and quantitative (regulatory gene) changes
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(Feyereisen et al. 1989). In insects that express 
metabolic resistance, there may be an increase in the 
expression of P450 monooxygenase, which is only inducible 
in susceptible insects, or expression of a qualitatively 
different monooxygenase with high insecticidal specificity 
(Soderlund and Bloomquist 1990). Greatly enhanced levels 
of a P450 monooxygenase (lpr) have been associated with 
pyrethroid resistance in the house fly (Scott and Wheelock
1992). Moreover, Carino et al. (1994) found constitutive 
overexpression of the cytochrome P450 gene Cyp6Al in a 
house fly strain with metabolic resistance to insecticides.
3.2. Esterases: Esterases, which hydrolyze carboxyl
ester and phosphorotriester bonds, play a significant role 
in the metabolism of organophosphate, carbamate and 
pyrethroid insecticides (Dauterman 1985). These enzymes are 
inhibited either irreversibly or slowly reversibly by 
organophosphate esters. Non-toxic organophosphates, such 
as S,S,S-tributyl phosphorotrithioate (DEF) and 
triphenylphosphate (TPP), have been used as synergists to 
probe the significance of hydrolytic detoxication in 
suppressing insecticide toxicity (Soderlund et al. 1983b, 
Soderlund and Bloomquist 1990).
Esterases have been showed to be critical to 
organophosphate and carbamate resistance in insects, 
including M. domestics (Bigley and Plapp 1960, Bull 1992),
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Lucilia cuprina (Hughes and Raftos 1985), Anopheles and 
Culex mosquitoes (Mouches et al. 1986, Raymond et al.
1991). In studies with the green peach aphid, Myzus 
persicae, Devonshire (1977) found that the overproduction 
of a single electrophoretically distinct esterase, E4, is 
responsible for metabolic resistance to organophosphate, 
carbamate and pyrethroid insecticides. This overproduction 
is the result of amplification of a structural gene 
(Devonshire and Field 1991). Similarly, the overproduction 
of esterase Bi is associated with resistance in Culex 
species (Mouches et al. 1986) and also results from gene 
amplification.
Despite the fact that cleavage of the ester bond is an 
important reaction in the detoxication of pyrethroids 
(Soderlund et al. 1983a), very few instances of pyrethroid 
resistance are known to be clearly linked with increased 
esterase activity (Soderlund and Bloomquist 1990). Ester 
cleavage has been implicated in pyrethroid resistance in M. 
domestica (Funaki et al. 1994), S. frugiperda (Abdel-Aal 
and Soderlund 1980), the soybean looper, Pseudoplusia 
includens (Dowd and Sparks 1987), H. armigera (Lee et al. 
1989) and H. virescens (Dowd and Sparks 1987). Esterase 
dependent cross-resistance between organo-phosphate and 
pyrethroid insecticides also has been detected in several 
species, including M. domestica (Sawicki et al. 1984) and
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M. persicae (Devonshire and Moores 1982). In addition, in 
organophosphate-resistant M. persicae, large amounts of a 
single esterase (E4) binds but does not hydrolyze toxic 
pyrethroid isomers to cause resistance (Devonshire and 
Moores 1982).
Monitoring Pyrethroid Resistance Mechanisms
Integrated Pest Management (IPM) was conceived in the 
early 1970s as a philosophy for pest control that relied on 
a judicial balance of control agents (Croft 1990). A 
central theme of IPM is the prudent use of insect control 
agents, which depends on effective crop monitoring. A 
reliable monitoring technique can provide precise 
information about the extent and spread of resistance and 
the mechanisms involved, and is essential for implementing 
and verifying effective resistance management strategies 
(Roush and Miller 1986).
There are several techniques currently available for 
identification of resistance mechanisms. One of the easiest 
and most rapid ways to collect preliminary information 
about possible metabolic mechanisms of resistance is by 
using insecticide synergists, which are thought to act 
primarily by inhibiting a certain group of detoxifying 
enzymes (Casida 1970, Georghiou 1983). Although synergists 
have been used to identify resistance mechanisms in H. 
virescens and other insects (Raffa and Priester 1985,
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McCaffery et al. 1989, Graves et al. 1991, Elzen et al.
1993), it is not clear whether use of a single synergist is 
appropriate as an indicator of the involvement of P450 
monooxygenases or esterases in insecticide resistance. 
Both P450 monooxygenases and esterases are products of 
multigene families and their sensitivities to inhibition by 
synergist vary. For example, Payne (1987) found that 
synergists containing propynyl ethers, but not methylene 
dioxyphenyl groups blocked an oxidative mechanism in
pyrethroid-resistant H. virescens. In addition, Scott 
(1990) reported that DEF, a widely used esterase inhibitor, 
can block oxidases as well when in vitro its concentration 
is greater than 0.1 mM.
Enzyme assays with model (non-insecticidal) substrates 
are other rapid methods for identifying metabolic
resistance mechanisms. However, insects possess multiple 
forms of both P450 monooxygenases and esterases and 
activities associated with insecticide resistance are 
poorly defined. Enzyme activities measured with model 
substrates represent the sum of several enzymes; therefore, 
for different or unrelated strains, such assays often will 
show a difference that may not be related to insecticide 
resistance. For example, in a strain of C.
quinquefasciatus, activities of general esterases toward a 
standard substrate (a-naphthyl acetate, a-NA) have been
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associated with resistance to certain organophosphates
(Georghiou and Pasteur 1978, Georghiou et al. 1980, Harold
and Ottea in press). However, activity toward this 
substrate is not correlated with insecticide resistance in 
a different mosquito species (Hemingway 1982) and other 
insects (Beeman 1983, Dowd and Sparks 1984).
Assays utilizing insecticides as substrates provide 
direct evidence of the identity of enzymes involved in 
insecticide metabolism and resistance. Based on internal, 
external and excreted levels of parent compound and 
metabolites, in vivo studies (usually with radiolabeled 
insecticide) are very useful in implicating increased 
detoxication as a resistance mechanism. For in vitro
studies, groups of enzymes involved in insecticide 
metabolism can be identified by varying the subcellular 
source of enzyme or the presence of inhibitors and 
cofactors (Wilkinson 1979, Scott and Georghiou 1986).
Comparison of activities between resistant and susceptible 
strains can identify enzymes associated with metabolic 
resistance to insecticides. The disadvantage of these
assays is that they are time-consuming, expensive and
cannot be modified for use in field situations.
Thus, each type of diagnostic test has intrinsic
advantages and disadvantages. Assays that utilize
synergists or model substrates are fast, easy and have
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field utility, but involve assumptions regarding the 
enzymes affected or measured that must be validated 
empirically. Assays that measure metabolism of
insecticides provide direct evidence of the enzyme's 
involvement with resistance, but are time-intensive, 
require use of radioactivity, and are costly.
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CHAPTER 2
STRUCTURALLY-MODIFIED PYRETHROIDS AS DIAGNOSTIC COMPOUNDS 
FOR MONITORING RESISTANCE MECHANISMS IN THE TOBACCO 
BUDWORM, HELIOTHIS VIRESCENS (F.)
Introduction
Insecticide resistance is due to the expression of one 
or more of three major mechanisms: reduced cuticular
penetration, enhanced metabolic detoxication, and reduced 
target site sensitivity (Bull 1981, Oppenoorth 1985).
Monitoring the susceptibility of tobacco budworms, 
Heliothis virescens (F.) , to insecticides and identifying 
actual or potential resistance mechanisms expressed during 
the cotton growing season are essential to maximizing the 
success of insecticide resistance management (IRM)
strategies (ffrench-Constant and Roush 1990, Plapp et al. 
1990) . In theory, if the mechanisms underlying resistance 
to an insecticide can be detected, it may be possible to 
manage metabolic resistance or reduced target site 
sensitivity by using synergists or insecticides from a 
different chemical class, respectively.
Studies with H. virescens suggest that resistance to 
pyrethroids, which are widely used against cotton pests in 
the U.S., is associated with all three mechanisms 
(McCaffery et al. 1989, Gladwell et al. 1990, Ottea et al. 
1995) . Pyrethroid toxicity is enhanced in biological 
assays with field-collected tobacco budworms by cytochrome
56
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5 7
P450 monooxygenase inhibitors such as piperonyl butoxide 
(PBO) (Graves et al. 1991, Elzen et al. 1993) and propynyl 
ethers (Payne 1987). In addition, biochemical and 
pharmacokinetic studies have shown the importance of 
cytochrome P450 monooxygenases in pyrethroid resistance in 
laboratory and field-collected strains of H. virescens 
(Nicholson and Miller 1985, Little et al. 1989, McCaffery 
et al. 1991, Abd-Elghafar et al. 1994, Ottea et al. 1995) 
and demonstrated that oxidative metabolism of pyrethroids 
by these enzymes occurs predominantly at the 2 1 and 4 1 
carbons of the phenoxybenzyl group that is prevalent in 
commercial pyrethroids.
Current methods for characterizing resistance 
mechanisms in field populations of the tobacco budworm 
include bioassays with combinations of insecticides and 
synergists (Raffa and Priester 1985, Campanhola and Plapp 
1989) and biochemical assays that measure activities of 
enzymes associated with insecticide metabolism. However, 
multiple forms of these enzymes exist with differing 
substrate specificities and susceptibilities to inhibition 
by synergists (Payne 1987, Scott 1990, Feyereisen et al. 
1991, Brown et al. 1996); thus, relevance of results from 
these assays is limited by the reliability of model 
substrates and synergists as indicators of toxicologically 
significant enzyme activities (Sawicki 1987, Kirby et al.
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1994, Ibrahim and Ottea 1995). Further, utility of results 
from bioassays with insecticide/synergist combinations is 
limited by non-metabolic effects of these compounds and the 
lack of structural similarity between conventional 
synergists (such as PBO and propynyl ethers) and pyrethroid 
insecticides.
The purpose of this study was to evaluate the utility 
of pyrethroid analogs as diagnostic compounds for detection 
of P450 monooxygenase-associated pyrethroid resistance. 
Esters containing 3-(2,2-dichlorovinyl)-2, 2-dimethylcyclo- 
propanecarboxylic acid (permethric acid; PA) and enzyme- 
inhibiting side chains or groups blocking potential sites 
of oxidative metabolism were synthesized and results from 
biological assays measuring insecticidal activity are 
presented.
Materials and Methods
1. Chemicals. Cypermethrin (technical grade; a racemic 
mixture of trans/cis, 1R/S and clR/S isomers) was obtained 
from FMC Corporation (Princeton, NJ) . The methyl ester of 
PA [methyl 3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane 
carboxylate; cis/trans = 40/60] was purchased from Fisher 
Scientific (Pittsburgh, PA) . Pentafluorobenzyl alcohol, 
piperonyl alcohol, piperonal, sesamol, 3-hydroxybenz- 
aldehyde, propargyl bromide, dicyclohexylcarbodiimide 
(DCC), N,N-dimethyl aminopyridine (DMAP), (+)-ephedrine,
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and (-)-ephedrine were purchased from Aldrich Chemical 
Company (Milwaukee, WI). All other chemicals were of 
analytical quality and purchased from commercial suppliers.
XH NMR spectra were obtained on a Brucker AC-200 
spectrometer using tetramethylsilane as an internal 
standard. Optical rotations were determined on a Jasco 
Digital Polarimeter (Model DIP-370, Na 589 nm). The 
compounds were analyzed by gas chromatography using a 
capillary column (DB-5, 20 m x 0.18 mm) with the following 
temperature programming: Tinit 40°C for 3 min then 20°C/min 
up to Tfinal 280°C, and detected by a Hewlett-Packard 5971A 
mass selective detector.
2. Insects. Pyrethroid-susceptible and -resistant lab­
oratory strains of H. virescens were studied. The 
susceptible strain (LSU) was established in 1977 (Leonard 
et al. 1988) and has been reared in the laboratory since 
that time without exposure to insecticides. The resistant 
strain (Pyr-R) was derived from a field collection made in 
August 1995 from the Red River Research Station (Bossier 
City, LA) . Insects from this collection were reared for 
one generation, then selected as fifth stadium larvae with 
cypermethrin (1.75 pg/larva) for three generations. In an 
effort to dilute the contribution to resistance of reduced 
neuronal sensitivity, which is recessive in crosses between 
susceptible and resistant house flies (Milani 1956 as cited
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
60
in Oppenoorth 1965), survivors of selection were crossed 
with LSU insects, and FI progeny were selected as third 
stadium larvae with 1.0 pg cypermethrin/larva, a dose 
corresponding to 21 times the LD50 for LSU larvae. 
Preliminary results from neurophysiological and molecular 
genetic assays suggest that reduced neuronal sensitivity is 
not a major resistance mechanism in this strain (Park and 
Taylor, unpublished).
3. Preparation of PA. The methyl ester of PA (22.3 g, 0.1 
mol), sodium hydroxide (12 g, 0.3 mol), and ethanol-water 
(1:1; 250 mL) were mixed and then refluxed overnight. The 
mixture was concentrated under reduced pressure, diluted 
with water, and extracted with ethyl ether (Et20, 2 x 40
mL) . The aqueous layer was acidified with concentrated 
HC1, and the precipitate was extracted into Et20 (2 x 50 
mL) , washed with water, and dried (Na2S04) overnight. The 
Et20 was removed to obtain a solid product, which was 
recrystallized from hexane/ether (1:1; v/v). Yield: 18.5 g, 
83%, mp. 55-58°C.
4. Separation of trans and cis-PA. Geometric isomers of 
PA were separated by the method of Foggassy et al. (1986). 
PA (20.9 g, 0.1 mol) was mixed with benzene (100 mL) and 
stirred at 27°C for 5 h. The suspension was filtered, then 
recrystallized from benzene to give 3.9 g (47%) of pure 
cis-PA, mp 94-96°C. For isolation of the trans isomer, PA
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(20.9 g, 0.1 mol) was stirred with petroleum ether (100 mL) 
at 30°C for 5 h. The resulting suspension was filtered to 
give 4.2 g solid product, which was recrystallized from 
hexane to give 3.6 g (29%) pure trans-PA, mp. 84-87°C.
5. Separation of 12?, cis- and IS, cis-PA. The cis 
enantiomers of PA were resolved prior to esterification by 
the method of Jolly et al. (1982). cis-PA (10 g, 0.05 rr.ol) 
was dissolved in dichloroethane (100 mL) , then (-)- or ( + )- 
ephedrine (8.25 g, 0.05 mol) was added. The mixture was 
stirred at 20°C for 1 h and then filtered under reduced 
pressure. The solid crude product was recrystallized from 
dichloroethane to give 6.5 g (30%) of pure (-)-ephedrine- 
(+)-cis permethric salt or 6.6 g of ( + )-ephedrine-(-)-cis 
permethric salt. The salts were dissolved in methylene 
chloride (25 mL) and stirred with HCl (2M, 30 mL) at 20°C
for 15 min, and the aqueous phase was extracted with 
methylene chloride. The combined organic phases were 
washed with water, dried over Na2S04, and evaporated to 
dryness to obtain 2.9 g (29%) of 1R, cis-PA with an optical 
purity of 99.4% and a specific rotation of [ a ]  D20 = +32 .1 
(c= 1.0, CHCI3; lit. [ a ]  D= +32.2°; Nohira and Yoshida
1989). For the IS, cis-PA, yield was 2.7 g (27%) with an 
optical purity of 91.6% and a specific rotation of [a]D20 = 
-29.5° (c= 1.0, CHCI3; lit. [ a ]  D= -32.2°; Nohira and Yoshida 
1989).
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A similar approach was used to separate 1R, trans- and 
IS, trans-PA. Whereas the 1R trans enantiomer was not 
separated, a small quantity of IS, trans-PA was obtained 
(<10% yield) with an optical purity of 97.0% and a specific 
rotation of [a]D20 = -34.6° (c= 1.0, CHC13; lit. [a] D= -
35.6°; Nohira and Yoshida 1989). This material was 
esterified and used as a standard for identification of 
trans isomers (see below).
6 . Synthesis of 3-propargyloxybenzaldehyde. Potassium 
tert-butoxide (6.16 g, 0.055 mol), 3-hydroxybenzaldehyde 
(6.1 g, 0.05 mol) and dry dimethylformamide (DMF, over 
Na2S04; 30 mL) were stirred briefly at 25°C, and then
propargyl bromide (6.6 g, 0.055 mol) was added in 30 mL of 
dry DMF (Albericio et al. 1990). The reaction mixture was 
heated at 110°C for 8 h and the solvent was removed under 
high vacuum. Ethyl acetate was added, inorganic salts were 
removed by filtration, and the organic extract was washed 
sequentially with water, 2 M NaOH, and saturated aqueous 
NaCl. The organic phase was dried (MgS04) overnight and 
solvent was removed to give a yellow liquid that was 
purified by silica gel chromatography using hexane/ethyl 
acetate (8 .5:1.5; v/v) as eluting solvent. Yield: 6.5 g
(81%). XH NMR (CDC13) 5 2.54 (t, 1H, CH) , 4.73 (t, 2H,-OCH2- 
), 7.2-7.48 (m, 4H, Aromatics) , 9.96 (s, 1H, CHO) . GC-MS
(m/z): M+’ = 160.
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7. General procedure of esterification. Two general 
routes of synthesis were used to esterify PA and various 
alcohols (Figure 2.1).
Method 1. Mixed isomers of 3, 4-methylenedioxyphenyl 
methyl-3-(2,2-dichlorovinyl)-2,2-dimethyl cyclopropanecarb- 
oxylate (MDP-PA) and pentafluorophenyl methyl 3-(2,2- 
dichlorovinyl)-2,2-dimethyl cyclopropane carboxylate (PFP- 
PA) were made by the method of Karanewsky and Badia (198 6).
PA (0.01 mol) and alcohols (0.011 mol) were dissolved in
dry chloroform (20 mL) at room temperature, and then 
dicyclohexylcarbodiimide (DCC; 0.011 mol) and N,N-
dimethylaminopyridine (DMAP; 0.001 mol) were added. After 
stirring at room temperature for 3 h, the mixture was 
diluted with chloroform (20 mL), filtered, and washed 
sequentially with 5% HC1, water, 10% sodium bicarbonate, 
and water. The organic phase was dried over Na2S04, and 
solvent was removed to yield a crude product that was 
purified by silica gel chromatography using ethyl
acetate/hexane (30:70; v/v) as eluting solvent. Yields:
trans MDP-PA (74%), cis MDP-PA (70%), trans PFP-PA (75%), 
cis PFP-PA (68%).
Method 2. Isomers of PA were esterified with 
piperonal or 3-propargyloxybenzaldehyde using the method of 
Hu et al. (1985) to yield a-cyano-3,4-methylenedioxybenzyl
3-(2, 2-dichlorovinyl)-2, 2-dimethyl cyclopropanecarboxylate
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Method 1 or I
OH -------------------------~ O ^ R
Method 2
Cl
Compounds X
Cypermethrin CN
PFP-PA H
(Fenfluthrins 1 ,2 ,  and 3)
R
MDP-PA (1-3) H
CMDP-PA (4-6) CN
v v 0^
CPP-PA (7-12) CN I
a Method 1 (for PFP-PA and MDP-PA): RCH2OH, DCC, DMAP in CHC13. Method 2 
(for CMDP-PA and CPP-PA): (a) SOCI2 in CHCI3, cat. DMF, reflux; (b) RCHO, NaCN, 
18-crown-6 in toiuene-HiO.
Figure 2.1. Generalized methods for synthesis of 
pyrethroids.
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(CMDP-PA) and a-cyano-3-propargyloxybenzyl 3-(2,2-dichlor- 
ovinyl)-2,2-dimethylcyclopropanecarboxylate (CPP-PA). PA 
(0.05 mol) was dissolved in CHCI3 with 1 drop of DMF at 
18 °C, and thionyl chloride (S0C12; 0.3 mol) was added
dropwise over 5 min. The mixture was stirred at 40°C for 
2-3 h, cooled to room temperature, then the solvent and 
excess S0C12 were removed at high vacuum to give a hazy oil 
of the acid chloride (yield > 95%). To this acid chloride, 
benzaldehyde (0.05 mol), 18-crown-6 (2 mmol), and toluene 
(60 mL) were added. This mixture was heated to 25-30°C, 
then NaCN (0.065 mol, in 10 mL of water) was added dropwise 
over 5 min. The mixture was stirred at 35-40°C for 4-5 h, 
cooled, and diluted with water. The organic phase was 
washed sequentially with 10% HC1, water, 10% Na2C03, water, 
and saturated NaCl. The organic phases were dried over 
Na2S04 for 2 days, and solvent was removed at high vacuum 
to obtain a crude product, which was purified by silica gel 
chromatography using hexane-ethyl acetate (7:3) as eluting 
solvent. Yields: trans CPP-PA (75%), cis CPP-PA (72%),
trans CMDP-PA (81%), cis CMDP-PA (73%).
All trans isomers and ol(RS),1R, cis enantiomers were 
separated following esterification by chiral HPLC using a 
Chiralcel OD HPLC column (Cellulose tris (3,5-dimethyl- 
phenylcarbamate) on a 10 pm silica-gel substrate, 250 x 20 
mm; J. T. Baker, Inc.; Phillipsburg, PA). The mobile phase
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ranged from. 90:10 to 70:30 (hexane: isopropanol), and the 
amount of compound per injection was between 10 to 100 mg 
(Table 2.1). Absolute configuration of the a carbon was 
assigned according to Elliott et al. (1978a) and was based 
on retention times following separation by chiral HPLC and 
analysis of NMR spectra, which was further confirmed by X- 
ray analysis (Appendix). The physical properties of 
isomers appear in Table 2.2.
8 . Topical biological assays. Fifth stadium larvae (day 
1) weighing 180±20 mg were treated on the mid-thoracic 
dorsum with 1 \il of compound (in acetone) or acetone alone 
(control). Dose-mortality relationships for each compound 
were measured using triplicate assays with five doses and 
10 insects per dose. After treatment, larvae were 
maintained at 27°C and mortality was recorded after 72 h. 
The criterion for mortality was absence of coordinated 
movement within 30 s after being prodded with a pencil. 
Median lethal dose (LD50) and 95% fiducial limits (FL) were 
computed by probit analysis using SAS (1985, SAS Institute 
Co., Cary, North Carolina, USA ). Resistance ratios (RRs) 
were calculated as the LD50 of Pyr-R larvae/LD50 of LSU 
larvae. 9. Adult vial test (AVT) . The adult vial test 
procedure was described in detail by Plapp et al. (1987) . 
Moths (day 2) from LSU and Pyr-R laboratory strains were 
placed in 20-mL glass scintillation vials (1 moth per
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Table 2.1. Conditions for HPLC separation of enantiomers.
Compound X Ra
Stereochemistry in 
Alcohol Acid Mobile phaseb Flow-ratec ta(min)
fenfluthrin 1 H PFP — trans,IS 80:20 3.0 12
fenfluthrin 2 H PFP — trans, 1R 80:20 3.0 14
fenfluthrin 3 H PFP — cis,lR — — —
1 H MDP — trans,IS 80:20 5.0 11.5
2 H MDP — trans,1R 80:20 5.0 14.8
3 H MDP — cis,IP — — —
4 CN MDP ceR/S trans,1R/S — — —
5 CN MDP aS cis,IP 90:10 4.25 17.2
6 CN MDP aR cis,IP 90:10 4.25 14.0
7 CN PP aS trans,IP 70:30 5.0 13.2
8 CN PP aR trans,IP 85:15 3.5 20.0d
9 CN PP aR trans,IS 85:15 3.5 18. 6d
10 CN PP aS trans,IS 70:30 5.0 36.8
11 CN PP aR cis,lR 70:30 5.0 14.4
12 CN PP aS cis,lR 70:30 5.0 34.2
^DP = 3,4-methylenedioxyphenyl; PFP = pentafluorophenyl; PP = 3-propargyloxyphenyl.
hhexane/isopropanol.
cmL/min.
cfcompound 8 and 9 (together) were pre-separated from compound 7 and 10 under 70:30 (hexane/isopropanol) 
with tR= 7.2 min.
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vial) , that were coated previously with a residual film 
containing various concentrations of trans, li?-fenfluthrin. 
Vials coated with acetone were used as controls. Moths 
were held in vials at room temperature for 24 h, and then 
transferred to a 3.8-liter cardboard carton containing a 
solution of 10% sugar water and covered with cheese cloth. 
The mortality was recorded at 48 hours and defined as the 
inability to turn over within 30 seconds after being 
prodded with a pencil. Data were corrected for control 
mortality, which was never greater than 5%, using Abbott's 
(1925) formula. Stability of trans-fenfluthrin in vials 
was tested by placing moths in vials that were prepared 12, 
24, 48, and 72 h prior to bioassay.
Results
Susceptibility to pyrethroids was measured in
bioassays with both pyrethroid -susceptible (LSU) and - 
resistant (Pyr-R) larvae (Table 2.3). For LSU larvae, 
fenfluthrin isomers and pyrethroid analogs were less toxic 
than cypermethrin, with LDsos ranging from 1.06 (for
fenfluthrin 3) to 57.5 pg/larva (for compound 7) as
compared with 0.05 pg/larva for cypermethrin. For 8 of the 
15 compounds, no toxicity was measured following treatment 
with 100 pg/larva.
The biological activity of compounds was dependent 
upon chemical conformation. Stereochemistry about C-l was
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Table 2.3. Toxicity of pyrethrolds in topical bioassays 
with susceptible and pyrethroid-resistant H. virescens.
Compound
LSU Pyr-R
RRCIDsoa FL° slope IDso EL slope
cypermethrin 0.05 0.04-0.06 2.52 2.91 2.36-4.06 2.20 58
fenfluthrin 1 NT* — — NT — — —
fenfluthrin 2 1.46 1.19-1.86 2.34 4.16 3.57-4.92 3.40 2.85
fenfluthrin 3 1.06 0.92-1.24 3.55 2.92 2.62-3.31 4.67 2.75
1 NT — — NT — — —
2 9.44 7.57-12.5 2.36 >100 — — —
3 4.85 3.85-6.39 2.17 117 91.4-171 2.65 24
4 NT — — NT — — —
5 >100 — — NT — — —
6 NT — — NT — — —
7 57.5 39.3-112 1.44 NT — — —
8 NT — — NT — — —
9 NT — — NT — — —
10 NT — — NT — — —
11 NT — — NT — — —
12 1.14 0.91-1.42 2.32 51.3 38.3-84.7 1.69 45
a|ig/larva.
bFL = 95% fiducial limit.
CRR = L D 5 0  of tested compound for Pyr-R strain/LDso for LSU 
strain.
dNT = non-toxic in tests with 100 (ig/larva.
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a major determinant of toxicity: 1R enantiomers were toxic, 
whereas IS enantiomers were not (Table 2.3). Similarly, 
for a cyano-containing compounds (4, 5, 7-12), aS, 1R-
enantiomers were toxic, whereas aR, 1R and aR, IS 
compounds were not. In addition, susceptibility was always 
greater for 1R, cis than 1R, trans isomers of toxic 
compound. For the non-cyano, methylenedioxypheny1 (MDP)- 
containing compounds, biological activity of 3 (the cis 
isomer) was almost twice as high as 2 (the trans isomer) . 
Likewise, for toxic propargyloxyphenyl (PP) compound, the 
cis isomer (12) was over 50 times more toxic than the
corresponding trans isomer (7) . In contrast, for toxic 
fenfluthrin isomers, there were no significant differences
in LD50s between the trans and cis isomers (1.46 and 1.06
pg/larva for fenfluthrin 2 and 3, respectively).
Cypermethrin also was the most toxic pyrethroid in 
tests with Pyr-R insects, but resistance was greater to
cypermethrin than to the other toxic pyrethroids tested 
(Table 2.3). Whereas the LD50 for cypermethrin in this 
strain (2.91 fig/larva) was 58-fold higher than that 
measured for LSU-S larvae, RRs were low for fenfluthrin 
isomers (2.85 and 2.75 for 1R, trans and 1R, cis 
fenfluthrin, respectively), intermediate for the 1R, cis 
MDP compound (3; RR= 24), and high for both the 1R, trans
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MDP and aS, 1R, cis-PP (12; RR= 45) compounds. As in 
tests with LSU larvae, susceptibility of Pyr-R insects was 
greater to cis than trans isomers of toxic compounds.
No significant resistance to fenfluthrin 2 was 
observed in Pyr-R strain of tobacco budworm (RR= 2.36), 
when this isomer was tested in adult vial assay (Table 
2.4). This is consistent with the results of topical 
bioassays with larvae. Whereas fenfluthrin was chemically 
stable in the vial for 12 h, its activity declined rapidly 
(Figure 2.2). Immediately after preparation (time=0) and 
after 12 hours storage at room temperature (time=12) 
mortality was relatively stable (ca. 55%). However, after 
72 hours only 20% mortality was observed.
Discussion
Enhanced metabolism is a major mechanism of resistance 
to pyrethroids. Oxidative metabolism in a number of 
insects has been shown to occur at the 2 ' , 4 1 , and 6
positions of the phenoxybenzyl moiety or the geminal 
dimethyl groups of the cyclopropane ring (Shono et al. 
1978, 1979; Casida and Ruzo 1980; Leahey 1985) . In
addition, oxidative diphenyl ether cleavage also was 
observed in a study with fenvalerate and the Colorado 
potato beetle, Leptinotarsa decemlineata (Soderlund et al. 
1987). In studies with H. virescens, Lee et al. (1989) and
Little et al. (1989) suggested that the 2' and 4'
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Table 2.4. Toxicity of 1R, trams-f&nfluthrin in adult vial 
test with pyrethroid-susceptible and -resistant H. 
virescens.
Strain LC50a - pxjk ' Slope RRC
LSU 0.132 0.11-0.16 3.55 ---
Pyr-R 0.311 0.26-0.37 3.16 2.36
a|j.g/vial.
bFL = 95% fiducial limit.
CRR = LC50 of tested compound for Pyr-R strain/LCso for LSU 
strain.
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Figure 2.2. Toxicity of trans-fenfluthrin 
(0.35 mg/vial) to Pyr-R adults at various 
times after vials were prepared.
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positions on the phenoxybenzyl moiety of cypermethrin are 
the main sites of metabolism, whereas oxidation at geminal 
dimethyl groups is less important.
The insecticidal activity measured in bioassays with 
fenfluthrin and structurally-modified pyrethroids in this 
study confirm that P450 monooxygenases are associated with 
pyrethroid resistance in the Pyr-R strain. An isomer of 
fenfluthrin, in which potential sites for oxidative 
metabolism have been blocked, was as toxic as cypermethrin 
to pyrethroid-resistant H. virescens larvae. These results 
are consistent with those reported in studies with mixed 
isomers of fenfluthrin by Scott and Georghiou (1986) in the 
house fly, Musca domestica, Scott et al. (1986) with the 
southern house mosquito, Culex quinquefasciatus, and 
Forrester et al. (1993) with the cotton bollworm, 
Helicoverpa armigera. In addition, resistance ratios were 
higher for cypermethrin than with compounds in which the 
metabolically labile phenoxyphenyl group was replaced with 
MDP or PP, although, for reasons not known, compounds with 
these groups were not as effective as fenfluthrin.
Insecticidal activity of pyrethroids was dependent on 
chemical configuration about C-l and the a carbon. No 
significant toxicity was measured with IS isomers, and 1R, 
cis isomers were always more toxic than corresponding trans 
compounds. These findings are similar to those of
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Ackermann et al. (1980) who studied effects of 
stereochemical conformation on the toxicity of a brominated 
analog of cypermethrin to pyrethroid-susceptible H. 
virescens. In addition, toxicity of lR-fenfluthrin was 
slightly higher with the cis (fenfluthrin 3) than trans 
isomer (fenfluthrin 2 ) in both pyrethroid-susceptible and - 
resistant insects. At the a carbon, only S enantiomers (5, 
7, 12) were toxic, which is consistent with previous
studies by Elliott et al. (1978b), whereas the correspond­
ing a R, cis enantiomers (6 and 11) were synergists (see 
Chapter 3).
Previous comparisons of biological activity between 
pyrethroid isomers have provided few generalizations
(reviewed in Elliott 1977, Tessier 1985, and Vijverberg and 
Oortgiesen 1988). Relationships between stereochemical
configuration and toxicity appear to be dependent upon the 
insect and pyrethroid studied. For example, in tests with 
pyrethroid-susceptible house flies, Elliott et al. (1975)
found that 5-benzyl-3-furylmethyl esters of 1R, trans
isomers of dichlorovinyl chrysanthemates were slightly more 
toxic than corresponding cis isomers, but the opposite was 
true for pyrethroids containing a 3-phenoxybenzyl ester. 
In our studies, higher toxicity of 1R, cis diastereomers 
and slightly higher synergism of the toxicity of trans than 
cis isomers by TCPB and DEF (see Chapter 3) may reflect
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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preferential metabolism of trans isomers of pyrethroids as 
was reported previously (Soderlund and Casida 1977, 
Soderlund et al. 1983).
Laboratory tests using the AVT and fenfluthrin 2 
showed that fenfluthrin isomers could be developed as tools 
to monitor metabolic resistance mechanism in H. virescens 
in the field. However, because of the apparent instability 
of fenfluthrin, further modification/optimization of this 
assay is required. Finally, these findings provide a 
further illustration that modification of insecticide 
structure can be used to circumvent metabolic resistance to 
pyrethroid insecticides (Forrester et al. 1993).
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CHAPTER 3
SYNERGISTS AS DIAGNOSTIC TOOLS FOR MONITORING PYRETHROID 
RESISTANCE MECHANISMS IN THE TOBACCO BUDWORM, 
HELIOTHIS VIPESCENS (F.).
Introduction
Insecticide synergists are compounds that are nontoxic 
or have negligible toxicity at the dose treated but which 
serve to enhance the toxicity of an insecticide when co­
applied with it (Yamamoto 1973, B-Bernard and Philogene
1993) . Synergism of the natural insecticide, pyrethrum, 
was observed first with natural plant constituents 
containing the methylenedioxyphenyl group (Eagleson 1940), 
which is probably the most widely used class of cytochrome 
P450 monooxygenase inhibitors (Casida 1970). At present, a 
number of methylenedioxyphenyl derivatives and other 
classes of compounds (e.g., propynyl ethers, N-alkanes, and 
non-toxic organophosphates) have been developed and serve 
as insecticide synergists.
Because most inhibit insecticide detoxifying enzymes, 
synergists have been widely used as tools for elucidating 
resistance mechanisms (Raffa and Priester 1985, Brattsten 
et al. 1986). The best example is piperonyl butoxide 
(PBO), which has been used as an indicator of P450 
monooxygenase-associated resistance in many insect species 
including the German cockroach, Blatella germanica (Cochran
83
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1994), the cotton bollworm, Helicoverpa armigera (Forrester 
1989, Ahmad and McCaffery 1991, Forrester et al. 1993), and 
the tobacco budworm, Heliothis virescens (McCaffery 198 9, 
Graves et al. 1991, Elzen et al. 1993, Martin et al. 1997) . 
However, the spectrum of enzymes inhibited by a particular 
synergist is unclear, thus, it is doubtful whether results 
from studies with a single synergist are appropriate as an 
indicator of metabolic resistance mechanisms (Payne 1987). 
The purpose of this study was to evaluate the utility of 
synergists for detecting P450 monooxygenase-associated 
resistance in H. virescens. Synergistic activities of non­
toxic pyrethroid analogs also were investigated.
Materials and Methods
1. Chemicals. Cypermethrin (technical grade; a racemic 
mixture of trans/cis, 1R/S and aR/S isomers) was obtained 
from FMC Corporation (Princeton, NJ) . Sesamol, 2, 3, 6-
trichlorophenol, propargyl bromide and 2-chloro-4- 
nitrophenol were purchased from Aldrich Chemical Company 
(Milwaukee, WI). N - (2-ethylhexyl)bicyclo-(2,2,1)-5-heptene- 
2,3-dicarboximide (MGK-264) and piperonyl butoxide (PBO) 
were purchased from Chem Service (West Chester, PA) , and 
S,S,S-tributyl phosphorotrithioate (DEF) was kindly 
provided by Bayer Corporation (Kansas City, MO) . The 
preparation of non-toxic pyrethroid analogs: fenfluthrin 1 ,
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compounds 1, 6, 8, 9, 10, and 11, was reported in Chapter 2 
(Table 3.1). All other chemicals were of analytical quality 
and purchased from commercial suppliers.
2. Synthesis of Propynyl Ethers. The method of Albericio 
et al. (1990) was used to synthesize 1, 2, 4-trichloro-3(2- 
propynyloxy) benzene (TCPB) and 1-(2-propynyloxy)-3,4- 
methylenedioxy benzene (MDPPE) (Figure 3.1). A mixture of 
2, 3, 6-trichlorophenol or methylenedioxyphenol, potassium
tert-butoxide (6.16 g, 0.055 mol), and propargyl bromide 
(6.6 g, 0.055 mol) in dry DMF (60 mL) was heated and
stirred at 110°C for 5 h, then the solvent was removed
under high vacuum. Ethyl acetate was added, the inorganic 
salts were removed by filtration, and the organic extract 
was washed sequentially with water, 2 M NaOH, and saturated 
aqueous NaCl. The organic phase was dried (Na2S04) over­
night and evaporated to dryness to give a crude product. 
MDPPE, a liquid product, was purified by silica gel 
chromatography using hexane/ethyl acetate (7:3; v/v) as 
eluting solvent. Yields: 6.5 g (74%). 1H NMR (CDC13) 8
2.54 (t, 1H, CH), 4.61 (d, 2H, -OCH2-) , 5.92 (s, 2H, -
0CH20-), 6.38-6.73 (m, 3H, Aromatics). GC-MS (m/z):
M+*=176. TCPB, a solid product, was recrystallized from
ethyl ether-hexane. Yield: 7.6 g (65%). mp: 58-59°C
(reference mp, 57-59°C; Fellig et al. 1970) . NMR
(CDC13) 5 2.54 (t, 1H, CH), 4.80 (d,2H, -OCH2-) , 7.24
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Table 3.1. Stereochemistry of non-toxic enantiomers.
Compound X Ra
Stereochemistry in 
Alcohol Acid
fenfluthrin 1 H PFP — trans,IS
1 H MDP — trans,IS
6 CN MDP aR cis,lR
8 CN PP aR trans,1R
9 CN PP aR trans,IS
10 CN PP aS trans,IS
11 CN PP aR cis,lR
aMDP = 3,4-methylenedioxyphenyl; PFP = pentafluorophenyl 
PP = 3-propargyloxyphenyl.
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(br, 2H, Aromatics) . GC-MS (m/z) : M+*=236.
3. Bioassays. Synergism of cypermethrin toxicity by PBO, 
TCPB, MDPPE, DEF, and non-toxic pyrethroid isomers was 
tested with LSU and Pyr-R iarvae. Dose of synergists was 
optimized in tests with fifth-stadium LSU larvae by topical 
coapplication of cypermethrin(0.032 pg/larva) and different 
concentrations (0-150 (j.g/larva) of synergists. Synergists 
were applied to the mid-abdominal dorsum 30 min prior to 
application of cypermethrin, which was applied to the mid- 
thoracic dorsum. Larvae were treated with the appropriate 
dose of synergist only (synergist control) or with acetone 
alone (solvent control) . Median lethal dose (LDso) and 95% 
fiducial limits (FL) were computed by probit analysis using 
SAS (1985, SAS Institute Co., Cary, North Carolina, USA) . 
Synergism ratios (SRs) were calculated as the LD50 of toxin 
only/ LD50 of toxin plus synergist. After treatment, 
larvae were maintained at 27 °C and mortality was recorded 
after 72 h. The criterion for mortality was absence of 
coordinated movement within 30 s after being prodded with a 
pencil.
Results
Four compounds (PBO, TCPB, DEF, and MDPPE) were tested 
as synergists of cypermethrin toxicity with LSU larvae 
(Figure 3.2). These compounds were non-toxic at the doses 
administered (from 0.25 to 150 |xg/larva) . Synergism of
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cypermethrin toxicity increased with the dose of synergist 
applied up to 50 jig/larva, then decreased at higher doses. 
Because synergism was maximal at 50 |i.g/larva, and 
solubility of pure compounds was limited, this dose was
used for subsequent synergism studies.
No significant synergism was measured with non-toxic 
isomers of pyrethroids or conventional synergists in 
bioassays with LSU larvae (Table 3.2). In contrast, PBO, 
TCPB, MDPPE, and DEF increased the susceptibility of Pyr-R 
larvae to cypermethrin (Table 3.2). The propynyl ether,
TCPB, was the most effective synergist with an SR of 4.69.
Of the other PP-containing compounds tested, only 11 (aR, 
1R, cis PP) significantly enhanced toxicity of cypermethrin 
(SR= 2.55). Coapplication of cypermethrin and 6 , the aR, 
1R, cis MDP compound, increased cypermethrin toxicity by 
2.69-fold, which was greater than synergism with PBO (SR=
1.97). Relative to PBO and TCPB, synergism with MDPPE, 
which contains both MDP and PP side chains, was
intermediate (SR= 2.65). Finally, significant levels of 
synergism (4.04-fold) were measured with the esterase
inhibitor, DEF.
Synergism of cypermethrin toxicity by non-toxic
pyrethroids in Pyr-R larvae varied depending on the isomer
(Table 3.2). Among the 4 PP-containing compounds
evaluated, only 11 (aR,lR,cis PP) synergized cypermethrin
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9 1
Table 3.2. Synergism of pyrethroid toxicity in pyrethroid- 
susceptible (LSU) and -resistant (Pyr-R) H. virescens a
LSU Pyr-R
EDsob FLC Slope SRa IDso FL Slope SR
Cypennethrin+
PBO 0.04 0.03-0.05 2.18 1.25 1.48* 1.08-2.34 2.14 1.97
TCPB 0.04 0.03-0.07 1.70 1.25 0.62* 0.48-0.78 2.46 4.69
MDPPE 0.06 0.04-0.09 1.70 0.83 1.10* 0.83-1.67 2.31 2.65
DEF 0.05 0.03-0.08 1.31 1.00 0.72* 0.57-0.92 2.62 4.04
MGK-264 0.05 0.04-0.08 1.90 1.00 2.71 2.27-3.76 2.13 1.07
Fenfluthrin 1 0.05 0.05-0.07 1.59 1.00 2.07 1.48-5.61 2.49 1.41
1 0.05 0.04-0.06 2.71 1.00 1.74 1.37-2.82 3.32 1.67
6 0.05 0.04-0.06 2.37 1.00 1.08* 0.79-1.71 2.12 2.69
8 0.06 0.05-0.08 2.39 0.83 1.84 1.35-4.11 2.49 1.58
9 0.04 0.03-0.05 2.76 1.25 1.80 1.22-8.54 1.81 1.62
10 0.04 0.03-0.06 2.81 1.25 2.55 1.66-5.61 2.22 1.14
11 0.04 0.03-0.04 3.28 1.25 1.14* 0.86-1.74 2.33 2.55
Fenfluthrin
TCPB
2+
1.21 1.01-1.44 3.62 1.21 2.27 1.78-2.73 3.57 1.83
DEF 1.17 0.97-1.45 3.43 1.24 3.12 2.51-4.11 3.31 1.33
Fenfluthrin
PBO
3+
1.39 1.15-1.75 3.59 0.76 3.41 2.95-4.20 4.62 0.86
TCPB 1.23 1.02-1.49 3.93 0.86 1.98 1.62-2.64 4.37 1.47
DEF 0.94 0.78-1.12 4.27 1.13 3.21 2.74-3.93 4.40 0.91
aCompounds were applied to third abdominal dorsum 30 min 
prior to application of toxin. Doses of potential 
synergists were 50 p.g/larva except for compound 11 (25 
)ig/larva) . No mortality was observed in control tests.
b|ig cypermethrin or fenfluthrin 2 or 3 per larva.
Asterisks signify values that are significantly different 
from those measured in test with toxin only. Significance 
is defined for those no overlap between their 95% fiducial 
limits.
CFL= 95% fiducial limit.
dSR= synergism ratio (LD50 of toxin/LDso of toxin with 
synergist).
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toxicity (SR= 2.55), whereas the corresponding trans isomer 
(8) did not. In addition, the structurally related
compounds, 9 (aR, IS, trans PP) and 10 (aS,IS,trans PP) ,
were inactive as synergists. For MDP-containing compounds, 
synergism of cypermethrin toxicity was greater with 6 (aR, 
1R, cis; SR= 2.69) than PBO (SR= 1.97), and no synergism 
was measured with compound 1 (IS, trans, no aCN) in Pyr-R
H. virescens. Finally, in tests with isomers of fenfluthrin 
and conventional synergists in Pyr-R insects, toxicity of 
the 1R, cis isomer (fenfluthrin 3) was not increased by
coapplication of either PBO or DEF (SR= 0.86 or 0.91, 
respectively), but was increased slightly by TCPB (SR=
I.47). However, in tests with the 1R, trans isomer 
(fenfluthrin 2), slightly higher synergism was measured 
with TCPB and DEF (SR=1.83 and 1.33, respectively).
Discussion
P450 monooxygenases are of importance in the
metabolism of xenobiotics, including pyrethroid insecti­
cides (Brattsten et al. 1977). Results from this study 
provide preliminary evidence for the involvement of P4 50 
monooxygenases in the enzymatic detoxication of cyperme­
thrin in Pyr-R larvae. Cypermethrin toxicity was increased 
by coapplication of compounds containing PP or MDP 
functionalities, and synergism of toxicity was greatest
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with the propynyl ether, TCPB, which is known to be a 
potent P450 monooxygenase inhibitor (Casida 1970, Fellig et 
al. 1970, Feyereisen et al. 1991). Unlike PBO, propynyl 
ethers are proposed to chelate with the heme group of the 
cytochrome P450 molecule to inhibit microsomal oxidation 
(Sacher et al. 1968). These data agree with those from 
previous studies demonstrating the activity of this 
compound against pyrethroid-resistant H. armigera (Forres­
ter et al. 1993) and H. virescens (Brown et al. 1996). In 
a number of cases, methylenedioxyphenyl containing
synergists, PBO, and the N-alkyl synergist, MGK-264, were
highly effective in synergizing the toxicity of a variety 
of pyrethroid insecticides in resistant Lepidoptera (Liu et 
al. 1984, Chen and Sun 1986). In Pyr-R larvae, synergism
was much lower in tests with PBO than TCPB, which supports 
the conclusion of Brown et al. (1996) that different 
classes of P450 monooxygenase are involved in resistance- 
associated metabolism of pyrethroids. In contrast,
Forrester et al. (1993) found that both PBO and TCPB fully
suppressed resistance to fenvalerate in H. armigera.
Therefore, simply relying on results with PBO (or any other 
single synergist) is insufficient to elucidate the role of 
monooxygenases in pyrethroid resistant H. virescens or any 
other insect.
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Esterases play an important role in the detoxication 
of pyrethroid insecticides in mammals but are believed to 
play a secondary role in lepidopterous insects (Jao and 
Casida 1974, Bigley and Plapp 1978, Abdel-Aal and Soderlund 
1980) . Enhanced esterase activity is associated with 
organophosphate and carbamate resistance in Nilaparvata 
lugens (Dai and Sun 1984) and the green peach aphid, Myzus 
persicae (Devonshire and Moores 1982). However, no 
significant contribution of esterases was observed in 
pyrethroid-resistant H. virescens (Payne 1987, Lee et al. 
1989). In this study, toxicity of cypermethrin was 
increased significantly following coapplication of DEF, 
which suggests additional involvement of esterases in 
pyrethroid resistance as was reported by Graves et al. 
(1991) for adult H. virescens and Gunning et al. (1996) for 
larval H. armigera. Finally, no significant synergism was 
observed when DEF was coapplied with either of the toxic 
fenfluthrin isomers (fenfluthrin 2 and fenfluthrin 3) 
suggesting that either fenfluthrin is a poor substrate for 
resistance-associated esterases or that oxidation of the 
phenoxybenzyl alcohol precedes hydrolysis.
Synergistic activity of pyrethroid analogs, which 
contained MDP and PP functional groups, was dependent on 
chemical configuration about C-l and a carbon. For 
example, no significant synergism was measured with either
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IS or IS,aS isomers. Among the 7 non-toxic pyrethroid 
isomers tested, only a R, 1R, cis (but not trans)
chrysanthemates containing MDP (6) or PP (11) groups 
significantly synergized cypermethrin toxicity. Assuming 
that synergism results from P450 monooxygenase inhibition 
(Feyereisen et al. 1991), these results suggest that 
interaction between these enzymes and synergists is 
stereospecific. The stereospecific nature of catalysis by 
mammalian P450-monooxygenases has been shown previously 
(see, for example, Atkins and Sligar 1989 or Fruetel et al.
1992) .
Fenfluthrin toxicity was not synergized significantly 
by PBO, TCPB, or DEF confirming that the phenoxybenzyl
group is a primary site of attack in metabolically 
resistant H. virescens (Lee et al. 1989, Little et al. 
1989). In previous studies, PBO completely suppressed 
resistance to cypermethrin in H. armigera (Forrester et al.
1993) and permethrin in house flies (Scott and Georghiou 
1986) and the southern house mosquito, Culex 
quinquefasciatus (Scott et al. 1986), but was relatively 
ineffective as a synergist of fenfluthrin toxicity. These 
results suggest that fenfluthrin, which lacks the
metabolically sensitive sites of phenoxybenzyl-containing 
pyrethroids, may be a useful diagnostic compound to monitor
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P450 monooxygenase-associated resistance in field 
populations of H. virescens.
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CHAPTER 4
METABOLIC FATE OF 14C-CYPERMETHRIN IN THE TOBACCO 
BODWORM, HELIOTHIS VIRESCENS
Introduction
The major mechanisms of resistance to pyrethroids in
H. virescens are enhanced metabolic detoxication and 
reduced target site sensitivity (Nicholson and Miller 1985, 
Payne et al. 1988, McCaffery et al. 1989, Gladwell et al. 
1990, Ottea et al. 1995). Metabolism of pyrethroids in the 
tobacco budworm has been reported to occur by both 
oxidative and hydrolytic attack (Nicholson and Miller 1985, 
Dowd et al. 1987) . In studies with H. virescens, Lee et 
al. (1989) and Little et al. (1989) suggested that the 2' 
and 4' positions on the phenoxybenzyl moiety of
cypermethrin are the main sites of metabolism, whereas 
oxidation at geminal dimethyl groups is less important.
Oxidative metabolism in a number of other insect species 
has been shown to occur at the 2', 4', and 6 positions of
the phenoxybenzyl moiety or the geminal dimethyl groups of 
the cyclopropane ring (Shcno et al. 1978, 1979; Casida and 
Ruzo 1980; Leahey 1985). In addition, oxidative diphenyl 
ether cleavage was observed in a study with fenvalerate and 
the Colorado potato beetle, Leptinotarsa decemlineata
(Soderlund et al. 1987).
100
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Recently, Shan et al. (in press) showed that P450 
monooxygenases are associated with pyrethroid resistance in 
a cypermethrin-selected (Pyr-R) strain of H. virescens and 
suggested that the phenoxybenzyl portion of cypermethrin 
was the main site of oxidation. To more clearly establish 
and define the role of monooxygenases in this strain, the 
fate of trans-cypermethrin in vitro was investigated. In 
addition, the efficacy of enzyme inhibitors also was 
examined.
Materials and Methods
1. Chemicals. Radiolabeled trans-I4C-cypermethrin (53 
mCi/mmol, benzyl labeled) was obtained from ICI Chemical 
Corporation. Cold trans-cypermethrin was kindly provided 
by Zeneca Agrochemicals. Imidazole, 3-bromo-benzaldehyde, 
4-methoxyphenol, tert-butyl dimethylsilyl chloride (TBDMS- 
Cl), copper(I) chloride, 3-phenoxybenzoic acid, 3-phenoxy- 
benzaldehyde, 3-phenoxybenzaldehyde cyanohydrin, and 3- 
phenoxybenzyl alcohol were purchased from Aldrich Chemical 
Company (Milwaukee, WI) . Piperonyl butoxide (PBO) and 
paraoxon were purchased from ChemService Inc.(West Chester, 
PA) . NADPH, NADP+, and glucose 6-phosphate dehydrogenase 
were purchased from Sigma Chemical Co. (St. Louis, MO) . 
Preparation of trans-permethric acid (3-(2,2-dichloro- 
vinyl)-2,2-dimethylcyclopropane carboxylic acid; PA) was
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described in Chapter 2. All other chemicals were of 
analytical quality and purchased from commercial suppliers.
2 . Preparation of trans-4'-HO-cypermethrin. Methoxyphenol, 
3-bromobenzaldehyde, and trans-permethric acid were used to 
synthesize 4' -HO-cypermethrin (Figure 4.1).
The method of Sheldon et al. (197 6) was used to 
prepare 4-methoxyphenoxybenzaldehyde. Methoxyphenol (6.7 
g, 0.055 mol), 3-bromobenzaldehyde (9.4 g, 0.05 mol), CuCl 
(1.0 g) , potassium carbamate (7.6 g, 0.055 mol), and 
pyridine (40 mL) were mixed and then refluxed 24 h under 
nitrogen. The mixture was cooled to room temperature, 
filtered under reduced pressure, and washed with ethyl 
ether and water. The ether layer was separated and washed 
with water (3 x 100 mL) . After it was dried, the product 
was concentrated to a dark oil, which was purified by 
silica column chromatography with ethyl acetate 
(EtOAc)/hexane (30:70; v/v) as eluting solvent. The 
solvent was removed to obtain an oily product, the 
structure of which was verified by NMR and GC-MS. Yield: 
6.2 g, 56%.
Methoxyphenoxybenzaldehyde (11.2 g, 0.05 mol) and 
pyridine-hydrochloride (24 g, 0.25 mol) were added to a 
flask, then the mixture was stirred and heated steadily. A 
homogenous liquid was formed at 150 °C, which darkened to a 
deep purple color at 190 °C. After being stirred at 190 °C
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K2CO3/CUCI
OHC
pyridine.HC1 
190°C
OHC
TBDMSC1/DMF
Imidazole
TBDMS
OTBDMS
NaCN/18-crown-S/Toluene
THF/H20/Et0Ac
(1:1:3)
55°C, 24 h
4 1 -HO-cypermethrin
H
Figure 4.1. Synthesis of 4' -HO-cypermethrin.
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for 5 h, the mixture was cooled to 120 °C and then poured 
into water (250 mL). More water (100 mL) and EtOAc (150 mL) 
were added, stirred for 10 min and separated. The aqueous 
portion was extracted with EtOAc (2x 100 mL) . Combined
organics were washed with brine (3x 150mL), dried and
concentrated to a dark viscous oil. The crude product was 
purified using silica column chromatography with 
EtOAc/hexane (30:70; v/v) as eluting solvent. The solvent 
was removed to give a brown colored gum (4.2 g, 39%).
Imidazole (1.7 g, 0.025 mol) and tert-butyldimethyl 
silyl chloride (TBDMS; 3.8 g, 0.02 mol) were dissolved in 
dimethylformamide (20 mL) then stirred at 15°C under 
nitrogen. Then, 4'-hydroxyphenoxybenzaldehyde (4.2 g, 0.02 
mol) was dissolved in dimethylformamide (10 mL) and added 
dropwise over 20 min to form a red solution. The mixture 
was stirred at 20°C for 3 h, and then poured into ice water 
(200 mL) . The aqueous phase was extracted with EtOAc (2 x 
30 mL) and combined organics were washed with water, sodium 
bicarbonate (1%, 30 mL) , water, and dried over MgS04. The
solvent was removed to give a dark red oil. After 
purification by silica column chromatography (hexane/EtOAc 
= 9:1; v/v), the solvent was removed to yield product (5.2 
g, 93%) .
The trans-4-TBDMSO-cypermethrin was prepared by using 
a general procedure of esterification (method 2 described
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in Chapter 2). The trans-A'-HO-cypermethrin was made by the 
method of Corey et al. (197 8) with removal of the silyl 
protecting group. 4' -TBDMSO-cypermethrin (1.4 g, 2.5 mmol) 
was dissolved in tetrahydrofuran (10 mL) , then water (10 
mL) and acetic acid (30 mL) were added quickly. The 
mixture was stirred at 55°C for 24 h, cooled to room
temperature, then water (20 mL) and EtOAc (20 mL) were
added. After separation, the aqueous phase was extracted
with EtOAc (2 x 10 mL). Combined organics were washed with 
water (20 mL) and saturated NaCl solution (3x 20 mL), dried 
with anhydrous sodium sulfate and then concentrated to a 
dark yellow oil (0.85 g, 80%) . This crude product was 
purified by column chromatography with hexane/EtOAc (8:2; 
v/v) as eluent. The solvent was removed to give a dark 
green, viscous oil, which was submitted for prolonged 
concentration under high vacuum at 45°C to obtain a thick, 
viscous brown gum (0.45 g) . XH NMR (CDC13) 51.18-1.3 (q,
6H, CH3), 5.3 (b, 1H, OH), 5.6 (m, 1H, aH) , 6.3 (d, 1H,
vinyl H), 6.8-7.3 (m, 8H, Aromatics). FAB-MS (m/z) :
(M+H) +’=432.
3. Enzyme preparation. Microsomes were prepared from
fifth stadium larvae by differential centrifugation at 4 
°C. After removal of heads and gut contents, carcasses 
were rinsed with 1.15% KC1 and ice-cold 0.1 M sodium 
phosphate buffer (pH 7.6). The insect tissue was placed
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into homogenization buffer (0.1 M pH 7.6 sodium phosphate 
containing EDTA (1 mM) , dithiothreitol (1 mM) , phenyl- 
thiourea (1 mM) , and phenylmethylsulfonyl fluoride (4 mM; 
Rose et al. 1995), and homogenized with a Polytron
homogenizer (Brinkmann Instruments, Westbury, NY) . The 
homogenate was centrifuged at 15,000g for 15 min, the 
supernatant was filtered through glass wool and further 
centrifuged at 115,000g for 60 min. The resulting 
microsomal pellet was gently rinsed with 0.1 M sodium 
phosphate (pH 7.6), and then resuspended in the same buffer 
containing 20% glycerol.
4. in vitro Assays. Microsomal suspensions (1 mg/mL 
protein) or supernatants (cytosol; 1 mg/mL protein) were 
incubated with 50 pM trans-cypermethrin, 0.25 pM trans-14C- 
cypermethrin (3050 dpm) , 1 mM NADPH and 20 pL of an NADPH 
regenerating system (0.25 mM NADP+, 2.5 mM glucose-6- 
phosphate, 1 unit of glucose 6-phosphate dehydrogenase; 
Rose et al. 1995) in a total volume of 200 pL. Microsomes 
or cytosol were incubated in the absence or presence of 
NADPH to establish the contribution of P450 monooxygenases 
to cypermethrin metabolism. For inhibition experiments, 
various concentrations of the monooxygenase inhibitor, PBO, 
or the esterase inhibitor, paraoxon, were added in 10 pL 
ethanol. Reaction mixtures were incubated for 4 5 min at 
30°C, then terminated by adding 20 pL of concentrated HC1.
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Cypermethrin and its metabolites were extracted into 850 pL 
of diethyl ether (3x), which was evaporated to about 100 p.L 
under a stream of nitrogen and spotted onto thin-layer 
chromatography (TLC) plates (19 channels linear-K 
preadsorbent TLC plate, Whatman Inc., New Jersey).
5. Analysis of 14C-cypermethrin and metabolites. Initial 
analysis of 14C-cypermethrin and its metabolites was 
performed using TLC following by radiometric scanning. One 
channel from each plate was spotted with 1 |il of 14C- 
cypermethrin (1520dpm) and unlabeled standards (3- 
phenoxybenzoic acid, HO-cypermethrin, 3-phenoxy-
benzaldehyde, and cypermethrin). Cypermethrin was separated 
from metabolites on pre-channeled TLC plates developed in 
hexane/EtOAc/acetic acid (75:25:1; v/v/v). After
development, plates were dried, and peaks of radioactivity 
were localized on the plate using a BioScan System 200 
imaging scanner (Washington, DC). Peaks were assigned to 
regions of radioactivity that constituted greater than 0.2% 
of total radioactivity for each sample. Values for 
%metabolisms are based on radioactivity of assigned peaks. 
Regions of UV density corresponding to unlabeled standards 
were visualized under UV light @ 254 nm as a reference.
Identity of metabolites was verified using reverse 
phase HPLC. A Supelcosil LC-18-s, 25 cm x 4.6 mm column
containing 5 fim ODS stationary phase (Supelco) was eluted
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with water-acetonitrile containing 0.5% (v/v) acetic acid
with a linear gradient from 30% to 100% acetonitrile over 
25 min at a flow rate of 1 mL/min (Waters E600 solvent 
delivery system). The eluent was monitored for UV density 
at a wavelength of 254 nm with a Waters 486 Tunable 
Absorbance Detector. The retention times measured for 
reference compounds are listed in Table 4.1.
6. Spectrophotometric esterase assay. Esterase activity 
in the cytosol was measured with alpha-naphthyl acetate 
(ANA), using the method of Gomori (1953) as modified by van 
Asperen (1962), Grant et al. (1989), and Ibrahim and Ottea 
(1995). Substrate solution was prepared by dissolving 18 mg 
of Fast Blue B salt in 30 mL of 0.1 M phosphate buffer (pH
7.0) followed by addition of 600 |LL of 0.113 M ANA (in 
buffer containing 50% (v/v) acetone). Following filtration, 
230 fiL of substrate solution (2.03 mM final concentration) 
was added to an individual well of a microplate with 10 p.L 
of enzyme homogenate. For inhibition studies, PBO or 
paraoxon (0.0001-10 mM in 10 p.L of ethanol) was added prior 
to addition of substrate. Reactions with 10 jiL ethanol or 
without protein were used as controls for measurements of 
inhibition or activity, respectively. Microplates
containing reaction mixtures were incubated at 30 °C and 
changes in optical density (OD) during the initial 10 min 
of reactions were measured at 595 nm using a Thermomax
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Table 4.1. Rf values and HPLC retention times of trans- 
cypermethrin and its major metabolites.
Compound TLC Rf HPLC tR (min)
trans-cypermethrin 0.71 22.9
trans,4'-HO-cypermethrin 0.43 21.6
3-phenoxybezoic 0.30 9.90
acid(PBacid)
3-phenoxybenzaldehyde 0.65 13.3
3-phenoxybenzaldehyde 0.44 10.5
cyanohydrin
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(Molecular Devices) microplate reader. Results were
corrected for non-enzymatic activity and the percentage 
inhibition ( % I )  was calculated as % I  = 1 0 0  x ( 0 D COncroi- 0 D  
inhibitor) /ODcontrol-
Results
1. Metabolism of cypermethrin in Pyr-R larvae. Two major 
metabolites were measured following incubation of crude 
homogenates (15,000g supernatant) from Pyr-R strain larvae
with benzyl labeled trans-14C-cypermethrin (Figure 4.2).
Based on Rf values and retention times for standards (Table
4.1), these products were identified as 4'-HO-cypermethrin 
and 3-phenoxybenzoic acid (PBacid). Additional products 
with unknown identities also were detected but were less 
than 10% of all counts measured by radiometric scanning.
2 .Protein and time dependence of cypermethrin metabolism. 
Rates of cypermethrin metabolism in crude homogenates of 
Pyr-R larvae increased with both protein concentration and 
incubation time (Figures 4.3 and 4.4). Amounts of PBacid 
increased with protein concentration, however, the
percentage of HO-cypermethrin peaked at 1.0 mg/mL of enzyme 
then declined slightly at 4.0 mg/mL. In time dependence 
experiments, PBacid and HO-cypermethrin peaked at 60 and 45 
min, respectively, and then both decreased with additional 
incubation time. Based on these results, 1.0 mg/mL of
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Figure 4.2.: TLC radiogram of 14C-cypermethrin and metabolites 
produced following incubation with buffer (A) , Pyr-R larval crude 
hcmogenates without (B) or with NADPH (C) for 45 ™-in at 30 °C. (mare 
than 97% counts were extracted and tested from total) .
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Figure 4.3. Metabolism of trans -14C- 
cypermethrin by crude homogenates of Pyr-R 
larvae. All reactions were incubated for 45 
min with NADPH. Results are expressed as 
the percentage of the counts detected by 
radiometric scanning.
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Figure 4.4. Time dependence of in vitro 
metabolism of trans-l4C-cypermethrin by crude 
homogenates (4mg/mL) of Pyr-R larvae. All 
reactions were incubated with NADPH. Results 
are expressed as the percentage of 11C detected.
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protein and 45 min incubation time were used in subsequent 
experiments.
3. Cypermethrin metabolism in laboratory-reared and 
field-collected H. virescens larvae. Metabolism of trans- 
L4C-cypermethrin was monitored in larvae from LSU, Pyr-R, 
and two field-collected strains using crude homogenates. 
Significantly higher levels of metabolism of cypermethrin 
were detected in Pyr-R, MRS-June, and August strains than 
in LSU insects (Table 4.2). LSU strain larvae only produced 
very low levels of the oxidative metabolite (i.e., H0-
cypermethrin), whereas a moderate level of the hydrolytic 
product (i.e., PBacid) was measured. In contrast, larvae
from the Pyr-R strain produced a significantly higher level 
of both oxidative and hydrolytic metabolites (6.71 and 
7.03%, respectively). In tests with field-collected
insects, PBacid was the predominant metabolite in both 
strains. For example, the MRS August strain produced 
greater amounts of PBacid (8.2%) than Pyr-R insects,
whereas a relatively low level of oxidative metabolite was 
detected.
4. Subcellular distribution of oxidative and hydrolytic 
metabolism. The subcellular distribution of cypermethrin
metabolites was measured with crude homogenates, cytosol, 
and microsomes from both LSU and Pyr-R strains (Table 4.3). 
In tests with the LSU strain, PBacid was the predominant
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Table 4.2. Metabolism of trans-14C-cypermethrin by crude 
homogenates of laboratory-reared and field-collected H. 
virescens larvae*.
Strain Cypermethrin HO-
cypermethrin
PBacid
LSU-S 89.4 1.8 9±0.4 5 3.32±0.81
Pyr-R 79.1 6.71±1.02 7.03±0.91
MRS-June 77.1 2 . 81±0 . 41 6.10±0.57
MRS-August 76.1 3 . 4 6±0 . 72 8.22±1.10
“Reaction contained 1.0 mg/mL of 15,000g supernatants and 
NADPH. Results are expressed as percentage of counts 
detected by radiometric scanning (±SD) and are based on 5 
experiments.
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metabolite (>66% of total metabolites) for all three 
fractions either in the presence or absence of NADPH. Total 
metabolism of cypermethrin was highest in the cytosol, 
lowest in microsomes, and intermediate in crude 
homogenates. In the presence of the cofactor NADPH, 
oxidative product was slightly increased in crude and 
microsomes, whereas no effect of NADPH was measured in the 
cytosol.
Similarly, in tests with the Pyr-R strain, PBacid was 
the predominant metabolite for all fractions in the absence 
of NADPH (>80% of total metabolites). However, in the 
presence of NADPH, the oxidative product, HO-cypermethrin, 
was the predominant metabolite in microsomes (59% of total) 
and was 43% of total metabolites detected in crude 
homogenates. In the cytosol, the hydrolytic product was 
the major metabolite.
Total metabolism of cypermethrin in the Pyr-R strain was 
significantly higher than in the LSU larvae. With NADPH, 
the highest total metabolism was observed in microsomes 
(19.4%) followed by crude homogenates (16.4%), then 
cytosol(10.8%). Highest levels of metabolism in the 
absence NADPH were measured in the cytosol, lowest levels 
in the microsomes.
5. Effects of PBO and paraoxon on cypermethrin metabolism in H. 
virescens. Paraoxon was a potent inhibitor of cypermethrin
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Table 4.3. Metabolism of cypermethrin by larval homogenates 
of H. virescans*.
Strain Fraction NADPH Cyper HO-cyper PBacid TOTAL*
crude + 86.20 1.09(22) 3.32(66) 5.04
- 91.10 0.25(6) 2.85(73) 3.92
LSU-S cytosol + 86.93 0.25(3) 6.06(84) 7.15
- 90.77 0.25(4) 5.28 (80) 6.63
microsomes + 91.08 0.55(12) 3.23(70) 4.63
- 92.77 0.25(8) 2.46(79) 3.11
crude + 79.9 6.7(41) 7.1(43) 16.4
- 80.7 0.6(6) 7.5(81) 9.26
Pyr-R cytosol -t- 81.6 3.6(24) 9.4(65) 14.6
- 82.9 0.3(3) 9.1(84) 10.7
microsomes -t- 75.8 11.4(59) 6.1(31) 19.4
- 81.0 0.5(6) 7.1(80) 8.9
“Reaction contained 1.0 mg/mL protein. Results are 
expressed as percentage of counts detected by radiometric 
scanning, with percentage of counts identified as 
metabolites shown in parenthesis.
B0ther metabolites were detected but, individually, did not 
constitute more than 0.25% of total metabolism.
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hydrolysis in cytosolic fractions of Pyr-R homogenates (150= 0.005 
pM, Figure 4.5) but was less potent as an inhibitor of ANA 
hydrolysis (Iso= 0.35 pM) . The monooxygenase inhibitor, PBO, also 
inhibited the hydrolysis of cypermethrin (Iso= 3.65 pM) and ANA 
(Iso= 24.7 pM) . Similarly, both compounds inhibited the oxidation 
of cypermethrin to HO-cypermethrin with Iso's of 0.04 and 26.2 pM, 
respectively (Figure 4.6).
Discussion
The results of this study suggest that metabolism of 
cypermethrin in H. virescens larvae occurs by both 
oxidative and hydrolytic pathways. A major metabolite in 
the Pyr-R strain of H. virescens was identified as 4'-HO- 
cypermethrin, confirming that the phenoxybenzyl moiety of 
conventional pyrethroids is the primary site for 
detoxication by P450 monooxygenases in this strain. These 
results support the conclusions provided in Chapters 2 and 
3, and also are consistent with previous studies of 
metabolism of pyrethroids in H. virescens (Lee et al. 1989, 
Little et al. 1989) and the related pest, H. armigera (Lee 
et al. 1989).
Hydrolysis of cypermethrin also appears to be a major 
metabolic resistance mechanism in this strain. A hydrolytic 
product of cypermethrin, PBacid, was a predominant 
etabolite in LSU larvae and was detected in high levels in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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all subcellular fractions. The suggestion that esterases 
are important for cypermethrin metabolism and resistance in 
this strain is consistent with evidence of synergism of 
cypermethrin toxicity by DEF (Chapter 3), and previous 
studies in H. virescens (Dowd et al. 1987) and the related 
pest, H. armigera (Gunning et al. 1995).
Pyr-R larvae produced significantly greater amounts of 
both hydrolytic and oxidative products than LSU strain 
suggesting that enhanced metabolism contributed to the 
expression of pyrethroid resistance in this strain. This 
result is consistent with results from neurophysiological 
(data not shown) and molecular genetic (Park and Taylor, 
unpublished) assays, which showed that nerve insensitivity 
is not a major resistance mechanism in this strain. 
Esterase metabolite predominates in the cytosol fraction of 
Pyr-R larvae and all fractions of the LSU strain, and is 
equally important as oxidation in crude and microsomal 
fraction of Pyr-R larvae, emphasizing the role of esterases 
in pyrethroid detoxication in this insect. In addition, 
products of ester hydrolysis were detected in all field- 
collected strains, suggesting that enhanced esterases may 
be a major mechanism of pyrethroid resistance in field- 
collected H. virescens as well.
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Inhibition experiments with PBO and paraoxon suggest 
that the monooxygenase inhibitor, PBO, also inhibits 
esterases. Similarly, the esterase inhibitor, paraoxon 
inhibits oxidases as well. Although some soluble oxidases 
may exist in the cytosol fraction, no oxidative product was 
measured in incubations without NADPH, and no increase in 
hydrolytic metabolites was detected in incubations with 
NADPH. Therefore, inhibition of PBacid production by PBO 
did not result from its inhibition of soluble oxidases. 
Further, support for the hypothesis that PBO inhibits 
esterases was obtained in studies with a-naphthyl acetate, 
where reduction in esterase activity was measured in 
incubations with PBO. This finding suggests that the 
utility of these synergists as indicators of oxidative and 
hydrolytic resistance mechanisms should be reevaluated.
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SUMMARY AND CONCLUSIONS
Due to the rapid development and spread of insecticide 
resistance in the tobacco budworm, Heliothis virescens 
(F.), identifying the resistance mechanisms, is important 
for both the fundamental and applied aspects of insecticide 
resistance management. In this study, methods for 
identifying resistance mechanisms in H. virescens were 
validated. Two different general approaches were taken 
using laboratory-susceptible (LSU) and pyrethroid-selected 
(Pyr-R) larvae. In the first, synergists were designed, 
synthesized, and tested as indicators of metabolic 
resistance. For the second approach, the structure of 
conventional pyrethroids was modified to either incorporate 
enzyme-inhibiting groups or groups that blocked potential 
sites of oxidation by P450 monooxygenases. The biological 
activities of these compounds were tested in bioassays. 
Lastly, enzymes involved in pyrethroid metabolism and 
resistance were identified directly using an in vitro assay 
system and radiolabeled cypermethrin.
Three different types of P450 monooxygenase inhibitors 
were evaluated as synergists of pyrethroid toxicity. 
Methylene dioxyphenyl-containing compounds, such as 
piperonyl butoxide (PBO), are the most well-studied 
insecticide synergists. PBO, as well as two novel, 
methylenedioxyphenyl compounds were tested as synergists of
126
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cypermethrin toxicity. In addition, propynyl ethers, which 
were shown previously to be potent synergists of carbamate 
and pyrethroid toxicity, were synthesized and tested. 
Finally, a novel compound (1-(2-propargyloxy)-3,4-
methylenedioxy) benzene; MDPPE) containing both 
methylenedioxyphenyl (MDP) and propynyl ether groups was 
evaluated. In tests with Pyr-R larvae, the propynyl ether, 
1,2,4-trichloropropargyloxybenzene (TCPB), was the most 
effective synergist and increased cypermethrin toxicity by 
4.69-fold. Synergism was lower (1.97-fold) in tests with 
PBO and intermediate (2.65-fold) with MDPPE, which 
contained both enzyme-inhibiting groups. These results
indicate that P450-monooxygenases are involved in
pyrethroid resistance in this strain. In addition, an 
esterase inhibitor, S,S,S-tributyl phosphorotrithioate
(DEF), also synergized cypermethrin toxicity (4.04-fold) 
suggesting that esterases contribute to resistance in these 
insects.
Pyrethroid analogs were designed in which the 
metabolically labile phenoxybenzyl alcohol was modified to 
deter oxidative metabolism. For some compounds, this group 
was replaced with methylenedioxyphenyl or
propargyloxyphenyl (PP) groups. Other compounds contained a 
simple, phenyl alcohol moiety in which potential sites for 
oxidation were blocked with fluorines. Analogs were
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synthesized, and stereoisomers were separated and tested as 
toxin or synergists of cypermethrin toxicity.
A number of these pyrethroid isomers had insecticidal 
activity that was dependent upon their geometric and 
stereochemical configuration. For non-cyano compounds, 12? 
enantiomers were toxic, whereas IS enantiomers were not. 
For cyano-containing compounds, aS, 12?-enantiomers were 
toxic whereas a2? compounds were not. In addition, 12?, cis 
isomers were more toxic than 12?, trans isomers. These 
results were consistent with previous studies of 
relationships between structure and activity of 
pyrethroids. Among these insecticidal compounds, both 
12?, trans- and cis-fenfluthrin that blocked all potential 
oxidative sites in the alcohol moiety were found to be the 
most effective in suppressing resistance to cypermethrin in 
Pyr-R insects, whereas MDP and PP group containing 
compounds (12?, cis-MDP and 12?,aS, cis-PP) showed only 
slightly effect on suppressing resistance. These results 
together with a low or absent synergistic effect with PBO 
and TCPB on the toxicity of 12?, trans- and cis-f enf luthrin 
confirmed that oxidative metabolism of the phenoxybenzyl 
moiety is a major resistance mechanism in this strain. 
Therefore, fenfluthrin isomers could be developed as 
diagnostic compounds for monitoring metabolic resistance 
mechanism in 22. virescens. Of the non-toxic isomers, only
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al?, IK, cis-MDP and PP-containing isomers significantly 
synergized the toxicity of cypermethrin (2.69 and 2.55- 
fold, respectively) suggesting that interaction between 
enzymes and synergists may be stereospecific
In vitro metabolism studies of cypermethrin revealed 
two major metabolites: 4'-HO-cypermethrin and phenoxy-
benzoic acid (PBacid) in the Pyr-R strain indicating that 
both P450 monooxygenases and esterases are associated with 
pyrethroid resistance in these insects. An optimized in 
vitro metabolism assay was developed with 1 mg/mL of 
protein and 45 min incubating time at 30°C and applied to 
test field-collected strains. This assay showed that 
esterases play a significant role in the pyrethroid 
metabolism in two field-collected strains, whereas the 
contribution of P450 monooxygenases was only moderate. 
Finally, inhibition experiments were performed with PBO and 
paraoxon using in vitro metabolism assays and 
spectrophotometric assays. The results showed that PBO, a 
traditional oxidase inhibitor, inhibits hydrolysis of 
cypermethrin in the cytosolic fraction of H. virescens 
suggesting PBO inhibits esterases, which was supported by 
the spectrophotometric assays with a-naphthyl acetate. In 
addition, the powerful esterase inhibitor, paraoxon (I50=5 
x 1CT9M, in vitro) , was found to be an effective inhibitor 
of oxidative metabolism as well.
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APPENDIX
NMR SPECTRA OF FENFLUTHRIN 2, FENFLUTHRIN 3, COMPOUNDS 
3, 5, 6, 7, 11, 12 AND X-RAY STRUCTURE OF COMPOUND 11.
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